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ABSTRACT
A majority of men and women aged 40 and over experience lower urinary tract
symptoms, including urgency, incontinence, and frequency, which often affect the individual’s
quality of life. Although often considered a simple structure, the bladder is a complex system
with sophisticated sensory and motor feedback mechanisms that allow for the sensation of
fullness and pain, reflexive responses to bladder filling, and conscious control over the time and
place of micturition. Although disruptions of these sensory mechanisms are believed to cause
certain lower urinary tract dysfunctions, the specific mechanisms involved in sensing bladder
fullness, distension, tension, or pressure at the cellular level have yet to be fully elucidated.
The work presented here has been undertaken to determine if the epithelial cells that line
the urinary tract are mechanosensitive to hydrostatic pressure, which may serve as a potential
bladder sensing mechanism. This project explored the hypothesis that urothelial cell sensitivity to
hydrostatic pressure is transduced as part of: (1) a calcium signaling response, (2) a volume
change due to modified ion flux, or (3) an inflammatory response through activation of caspase-1.
Changes in these cellular parameters can potentially modulate cellular responses to bladder
filling, including bladder surface area increase and neurotransmitter release for communication
with afferent nerves. These potential responses were examined using fluorescence imaging
techniques, including novel imaging methods and equipment, which enabled the measurement of
intracellular calcium concentration, cell volume, and inflammasome activation in live urothelial
cells under physiological and pathophysiological pressures while subjected to various
pharmacological agents.
Previous in vitro studies in our lab have found that urothelial cells release adenosine
triphosphate (ATP) upon the application of an increased hydrostatic pressure without stretch, and
this effect was dependent upon extracellular calcium. Therefore, we first investigated the effects
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of increased hydrostatic pressure on intracellular calcium concentration of urothelial cells via
live-cell calcium imaging experiments. We have shown that a detectable increase in intracellular
calcium concentration does not occur in either primary rat urothelial cells or UROtsa cells, an
immortalized human urothelial cell line. Thus, ATP is likely not released from urothelial cells as
part of a calcium signaling process upon changes in hydrostatic pressure.
We further tested the hypothesis that a hydrostatic pressure stimulus induces a cell
volume change in urothelial cells due to modified ion flux across the cell membrane. Both 3D
volume reconstruction of confocal image stacks and real-time fluorescence intensity imaging with
a volume-sensitive dye were performed on urothelial cells while under physiological levels of
hydrostatic pressure.

We have shown that cell volume increases that exceed our system

sensitivity likely do not occur due to increased hydrostatic pressure under the experimental
conditions of this study.
Finally, we explored whether physiological or pathophysiological levels of hydrostatic
pressure initiate an inflammatory response through activation of caspase-1, which potentially
could serve as a bladder sensing mechanism or as part of the inflammation cascade experienced
in the case of Bladder Outlet Obstruction. Results of imaging experiments to measure real-time
caspase-1 activation, however, failed to show a measurable change induced by a 1-hour exposure
to increased hydrostatic pressure of up to 40 cmH2O.
Cumulatively, these results show that a release of ATP from urothelial cells in response
to hydrostatic pressure likely does not occur due to a short-term increase in cytoplasmic calcium
concentration or membrane stretch due to cell swelling. Additionally, observed increases in
caspase-1 activation do not appear to be due to short term cellular responses of urothelial cells to
increased hydrostatic pressure without stretch.

Although the mechanism responsible for

hydrostatic pressure sensing was not identified, it is hoped that the improved understanding of
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these mechanosensory mechanisms provided by this research, as well as the experimental
techniques developed to investigate them, may ultimately lead to more specific drug targets to
treat lower urinary tract symptoms, as well as treatments for other potentially pressure-related
diseases, including glaucoma, hypertension, and bone loss.
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CHAPTER 1: BACKGROUND

Introduction
The lower urinary tract, which consists of the bladder, urethra, and the urethral
sphincters, is responsible for the storage and timely elimination of urine. According to the
definitions of the International Continence Society [1], lower urinary tract symptoms (LUTS) can
be categorized as storage, voiding, or post micturition symptoms.

LUTS include urinary

incontinence, urgency, intermittency, and the feeling of incomplete emptying, among others. The
EpiLUTS study [2] estimated the prevalence of LUTS occurring at least “often” in individuals
aged 40 and older to be 47.9% for men and 52.5% for women in the US, the UK, and Sweden.
These symptoms are considered bothersome and affect the quality of life of the patient as well as
the patient’s family [3]. The proper functioning of the lower urinary tract is dependent upon
complex, coordinated interactions between the structural, muscular, and nervous system
components [4]. Unlike most visceral organs, the bladder and urethra are under both involuntary
and voluntary control, providing for both reflexive responses and the conscious control of
micturition [5]. Mechanical parameters such as bladder wall tension or intravesical pressure due
to bladder filling, or shear stress due urine flow through the urethra, are sensed at the cellular
level and contribute to both conscious sensation and reflex responses. Malfunctions in these
sensing responsibilities are therefore likely to cause lower urinary tract dysfunction [6, 7].
However, the mechanisms by which sensory transduction is accomplished at the cellular level
within the lower urinary tract are not well understood.
The urothelium is the epithelial lining of the ureters, urinary bladder, and urethra. Recent
discoveries have suggested that in addition to providing a barrier function to urine, the urothelium
actively participates in sensory functions related to thermal, chemical, and mechanical stimuli,
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and releases chemical signals in response [8-11]. Ion channels have been proposed as a potential
mechanosensory transduction mechanism for this function of the urothelium [12]. Such ion
channels would respond to a mechanical stimulus such as membrane stretch by modulating the
conductance of the channel for particular ions. Alternatively, an independent mechanosensory
mechanism may cause a downstream cellular response, which may or may not involve the direct
modulation of ion channel conductance. Thus far, despite the identification of numerous proteins
as potentially mechanosensitive, the mechanism by which these proteins transduce mechanical
stimuli into biochemical signals that produce a cellular response is still unknown [13].
Bladder mechanosensory research has historically been focused on cell membrane stretch
caused by wall tension upon bladder filling. However, experiments have also shown that rat
urothelial cells may be sensitive to hydrostatic pressure directly without requiring membrane
stretching [14]. Multiple cell types are hypothesized to be pressure sensitive, including within
bone, cartilage, intervertebral discs, the vasculature, airways, and the retina [15, 16].

The

molecular mechanism by which cells could transduce a non-deforming hydrostatic pressure
stimulus is not as easily envisioned as membrane stretch, which is a deforming stimulus.
However, changes in hydrostatic pressure have, for example, been shown to modify the
thermodynamics of polymerization and depolymerization rates of cytoskeletal components such
as microtubules [17], or effect exocytosis/endocytosis rates [18], among other potential effects,
and thereby are theoretically detectable by the cell. The following sections discuss urological
physiology, sensation within the lower urinary tract, and relevant research in the areas of
hydrostatic pressure mechanotransduction as specifically applied to urothelial cells.
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Urinary Bladder Physiology
The urinary system is composed of the kidneys, ureters, bladder, and urethra. Waste
products in the blood are filtered by the kidneys, forming urine in the renal pelvis. The presence
of urine is sensed by the ureters, which generate a peristaltic wave to propel the urine into the
urinary bladder. Urine collects in the bladder while the urethral sphincters remain closed. As the
bladder fills, the urge to urinate is sensed and gradually increases in intensity. At an appropriate
time and place when the decision to urinate is made, the urethral sphincters relax and the bladder
contracts, causing urine to be expelled through the urethra.
The urinary bladder is a hollow, muscular organ that allows for the temporary storage of
urine at low pressure followed by the voluntary expulsion of urine at a socially acceptable time
[6]. The trigone region, where the ureters and the urethra enter the bladder, is thicker than the
rest of the bladder and retains its basic shape and location throughout the bladder filling and
voiding cycle, while the remainder of the bladder collapses and expands depending upon urine
volume.
The bladder wall has been shown to distend as urine enters and fills the bladder [19].
This distention is enabled through the relaxation of the smooth muscle fibers, as well as the
reorganization of the urothelial cells, the lamina propria, collagen fibers, and smooth muscle
fibers [6]. Continence will continue to be maintained as long as the total intravesical pressure
within the bladder due to filling, detrusor muscle contraction, and all other sources (e.g.
coughing) is less than the pressure exerted by the internal and external sphincters. As the bladder
fills, reflexive contractions of the detrusor muscle occur more frequently and the desire to urinate
increases. Although the human bladder can hold up to 600 mL of urine, the first sensations
associated with the desire to urinate can appear when urine volume approaches just 150 mL [20].
Progressive sensations of fullness, the need to urinate, and eventually pain are experienced as
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urine volume exceeds 300 mL. Once the conscious decision to urinate is made, the voluntary,
striated muscles of the external sphincter relax and the detrusor muscle contracts, thereby
decreasing the outlet pressure and increasing intravesical pressure.
pressure exceeds the outlet pressure, micturition will commence.

When the intravesical

As part of an additional

feedback mechanism, urine flow through the urethra will reflexively increase detrusor muscle
contraction, which is thought to promote complete bladder emptying [6]. Following the nearly
complete evacuation of the bladder, the detrusor muscle relaxes, the urethral sphincters contract,
and the storage portion of the cycle begins again.
The layers of the bladder wall are comprised of the mucosa, the submucosa, the detrusor
muscle, and the adventitia. The mucosa is exposed to the bladder lumen and is composed of the
lamina propria and a thin layer of transitional epithelial cells known as the urothelium. The
submucosa is a thin, highly-vascularized tissue layer, which includes interstitial cells (also known
as myofibroblasts) and provides mechanical attachment to the muscle layer below. The detrusor
muscle layer consists of both longitudinally and circularly oriented smooth muscle fibers, which
are surrounded by connective tissue. Finally, the outermost layer, known as the adventitia,
consists of fibrous connective tissue [20].

The Urothelium
The luminal surfaces of the renal pelvis, ureters, bladder, and urethra are lined with
urothelial tissue, which serves primarily as a barrier to urine. The urothelium, like all epithelial
tissues, regulates the flow of ions, water, solutes, and large molecules while preventing the entry
of pathogens [9]. The urothelium is a transitional epithelium comprised of three distinct cell
layers – basal cells, intermediate cells, and umbrella cells (Figure 1-1) [21].
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Figure 1-1. Urothelial cell layers [21] (used with permission).

Basal cells are located closest to the smooth basal membrane and have a diameter of 5 –
10 µm. Multiple basal cells fuse to become an intermediate cell with a diameter of approximately
20 µm. Multiple intermediate cells eventually fuse to become an umbrella cell, which has a
diameter that cycles between 50 – 120 µm during bladder filling and voiding [21]. The exact
mechanisms by which the urothelial cells are able to increase surface area in order to provide an
increased bladder volume during storage have yet to be fully elucidated. However, it is generally
agreed that a combination of membrane folding/unfolding and vesicle exocytosis/endocytosis
enables this capability in mammals [9]. Although an increasing bladder surface area is often
presented as necessary to accommodate increasing urine volume at low hydrostatic pressure [6],
this requirement assumes that the bladder maintains an essentially spherical shape, which is not
the case. Clearly, a hollow organ such as the bladder could conceivably maintain a constant
surface area throughout the urinary cycle by simply collapsing when empty and approaching a
more spherical shape during filling. Lewis postulated that the distension and contraction of the
bladder wall helped to maintain a minimum surface area that is exposed to urine in order to
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minimize the movement of substances across the barrier [17]. A possible alternative hypothesis
is that the change in bladder surface area is necessary to promote the sensation of bladder filling
prior to reaching nearly the maximum allowable volume. Regardless of the physiological reason
for this effect, the mechanism by which the bladder senses filling and thereby initiates the
processes to increase surface area is not fully understood.

Neural Control of Urinary Function
Bladder afferent nerves have been shown to express multiple receptor types that are
activated by chemical signaling mechanisms as well as various mechanical, chemical, or thermal
stimuli that either enhance or inhibit afferent activity upon activation [22].

The expression of

such a wide variety of receptors illustrates that bladder sensations and reflexes are likely
modulated by a complex combination of simultaneous signals that are integrated to provide
overall sensory functionality. Possibly due to the number of signal sources that are integrated to
produce multiple modes of bladder sensation, the task of identifying and fully characterizing the
molecular mechanisms responsible for sensing mechanical stimuli associated bladder filling has
been elusive. This yet unidentified mechanotransduction mechanism may be inherent in the
afferent axons themselves, possibly due to a mechanical coupling of the axon to the extracellular
matrix or adjacent cells.

Alternatively, the axons could be responsive to biochemical

communication from nearby cells, such as detrusor smooth muscle cells, myofibroblasts, or
urothelial cells that actually possess the mechanosensitive mechanism.
Stretch-sensitive vs. Tension-sensitive Afferents
The terms stretch and tension are often used interchangeably in the literature, possibly
due to the difficulty involved in isolating the stimuli to investigate them individually. Since most
in vitro experiments utilize passive stretch, which would excite both the tension- and stretch-
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sensitive afferents, differentiating the functional properties of the two types of afferent nerves is
complicated [23]. In a seminal study in 1955, Iggo described ‘in series’ tension receptors in the
stomach and bladder of the goat and cat, which respond to both active tension caused by muscle
contraction and passive tension caused by increased volume due to filling [24]. The function of
these ‘in series’ receptors is similar to the function of Golgi tendon organs in striated muscle,
which are proprioceptors that provide feedback regarding the tension experienced by tendons
[20]. Muscle spindles are additionally utilized to detect striated muscle stretch or length, without
responding to tension, in order to provide a second source of information within the
proprioceptive system. Similarly, a second type of visceral sensory afferent has been proposed
that is sensitive to distention, but not tension [23]. Multiple distinct classes of stretch-sensitive
bladder afferents have indeed been identified in the guinea pig by Zagorodnyuk et al., referred to
as muscle mechanoreceptors and tension-mucosal mechanoreceptors [25]. However, the direct
correlation between these two types of afferents and the anticipated tension- and stretch-sensitive
afferents has yet to be illustrated.

Bladder Sensory Mechanisms
A review by Roosen et al. categorized recent research regarding the potential causes of
storage-related lower urinary tract systems such as detrusor overactivity and overactive bladder
into three groups: urothelial/suburothelial, muscular, and neurogenic abnormalities [26].

Of

these, the functionality of the urothelium, myofibroblasts, and nerve fibers of the suburothelial
network were identified as the most active area of current research, and it was stated that these
layers “form a functional unit that is essential in the process of bladder sensation”.
For the bladder to function normally, at least one sensory mechanism must exist within
the lower urinary tract that is responsible for the transduction of mechanical stimuli (such as
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hydrostatic pressure, stretch, tension, and/or shear stress) into biochemical and ultimately
bioelectrical signals. Two main theories exist regarding the generation of afferent signals via the
mechanotransduction of stimuli associated with bladder filling: either (1) the mechanosensitive
function is provided directly by the afferent nerves, or (2) other cell types transduce the
mechanical stimuli into chemical or electrochemical signals that are received and transmitted by
afferent nerves [27]. These latter signals have been described as being part of a “uroepithelialassociated sensory web” [7], where signals generated by one portion of the bladder are
communicated to other portions in order to provide coordinated function. Birder and de Groat
[28] proposed a number of potential autocrine and paracrine signaling interactions between
urothelial cells, myofibroblasts, smooth muscle cells, afferent nerves and efferent nerves involved
in bladder sensory function, which are shown in Figure 1-2.

Figure 1-2. Possible signaling pathways between bladder afferent and efferent nerves, urothelial
cells, and myofibroblasts. Abbreviations: ACh, acetylcholine; AdR, adrenergic receptor; BR,
bradykinin receptor; H+, proton; MR, muscarinic receptor; NE, norepinephrine; NGF, nerve
growth factor; NR, neurokinin receptor; NicR, nicotinic receptor; NO, nitric oxide; P2R,
purinergic 2 receptor unidentified subtype; P2X and P2Y, purinergic receptors; PG,
prostaglandin; SP, substance P; Trk-A, receptor tyrosine kinase A; TRPs, transient receptor
potential channels [28] (used with permission).
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Each communication pathway is likely modulated by multiple factors which may
increase or decrease neurotransmitter release, increase or decrease receptor sensitivity, modify
neurotransmitter degradation rate, or other effect. The following sections present directly related
research that investigated some of these signaling pathways within the bladder, particularly in
response to mechanical stimuli.
ATP Signaling by the Urothelium
Burnstock first proposed the possible existence of purinergic nerves and the role of
adenosine triphosphate (ATP) as a neurotransmitter in 1972, including within the urinary bladder
[29]. As the main energy source for most cellular functions, ATP is ubiquitously present in cells
and actively participates in such crucial intracellular processes as ion transport, muscle
contraction, and cytoskeletal organization [30].

However, in the extracellular domain, ATP

possesses characteristics of signaling molecules such as being released in response to particular
stimuli, interacting with receptors, and being rapidly inactivated by enzymatic reactions [31].
Ferguson et al. first demonstrated that ATP is released from the urothelial cell layer
following the application hydrostatic pressure to the mucosal (or apical) surface of the bladder
wall in rabbits, and was the first to suggest that this release of ATP may be part of a
mechanosensory pathway to detect bladder filling [32]. The experimental apparatus used by
Ferguson was a modified Ussing chamber, where an epithelial tissue is mounted between a
mucosal and a serosal fluid chamber. Isolation of the apical and basolateral sides of the tissue
enables measurement of the ion transport across the epithelium, and in this test configuration,
enabled the measurement of released signaling chemicals. Hydrostatic pressure was applied
differentially to the two chambers, causing the mounted urothelium tissue to be stretched towards
the chamber experiencing the lower pressure. As such, either stretch or hydrostatic pressure, or a
combination of both, could have been the fundamental mechanical stimuli that elicited the ATP
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response. ATP release due to membrane stretch has since been elicited using similar techniques
from urothelial tissues in pig and human[33], guinea pig [34], mouse [35, 36], and rat [37]. In
addition to stretch, Sadananda et al. [37] showed that ATP is released from rat urothelium upon
application of acid, capsaicin, or electrical field stimulation, all of which generate a larger ATP
response than stretch.
Multiple types and subtypes of membrane bound receptors that are sensitive to ATP,
referred to as purinergic receptors, have been discovered [31], including within the urothelial,
myofibroblast, smooth muscle, and nerve cells of the urinary bladder [7, 38]. The activation of
P2X receptors by ATP directly modulates the ion channel gating, while the P2Y family of
receptors are G protein-coupled receptors [31].

Experiments with P2X3 knockout mice have

demonstrated a decreased voiding frequency and increased bladder capacity, presumably due to
reduced sensitivity to bladder distension [39]. The suburothelial neurons were shown to express
P2X3 receptors, which may provide sensation of the ATP released by the urothelium due to
bladder filling and communicate this signal to the central nervous system.
All known subtypes of the P2X channels (P2X1 – P2X7) and 3 subtypes of the P2Y
receptors (P2Y1, P2Y2, and P2Y4) have been identified in the urothelium of the cat [7, 40], which
suggests a sensitivity within the urothelium to ATP. Experiments by Wang et al. showed that
ATP was released by both the mucosal and serosal surfaces of isolated rabbit bladder tissue when
stretched by the application of hydrostatic pressure to the apical surface of the umbrella cells [41].
Further, ATP signaling pathways were shown to regulate both exocytosis and endocytosis rates in
umbrella cells, thereby controlling apical membrane dynamics (Figure 1-3).
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Figure 1-3. Conceptual model of ATP regulated exocytosis and endocytosis in urothelial
umbrella cells [41] (used with permission).
permission)
The mechanism directly responsible for ATP release due to increased hydrostatic
pressure was not identified by the study. However, this release ooff ATP (step 1 from Figure 1-33)
was selectively inhibited through the application of a wide variety of substances, with differing
results depending upon whether the drug was applied to the mucosal or serosal side. Inhibitory
effects were obtained using a secretion
secretion inhibitor, gap junction antagonists, or ABC transporter
protein blockers, which together with the heterogeneous response of the two sides of the tissue,
suggests a multifaceted and polar sensory cascade. Further, Wang et al. demonstrated that th
the
downstream effects of hydrostatic pressure-induced
pressure induced ATP release included both increased
exocytosis and increased endocytosis (step 5). An increase in hydrostatic pressure favored
exocytosis, which was shown to produce a net increase in plasma membrane su
surface
rface area through
fusion of discoidal/fusiform-shaped
discoidal/fusiform shaped vesicles from the cytoplasm with the plasma membrane.
This observation is consistent with the theory that the urothelium surface area increases during
bladder filling through urothelial cell remodeling.
remodelin g. The exocytosis pathway was additionally
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shown to be Ca2+ or cAMP dependent, as the use of Ca2+-free solutions and inhibitors of Ca2+
release from internal stores limited membrane surface area increases due to pressure. Purinergic
receptors (step 4) were implicated in the increase in [Ca2+]i, as P2X channels mediate the influx of
Ca2+ upon activation, and P2Y receptors promote the release of Ca2+ from internal stores.

Mechanosensitive Ion Channels
Mechanosensitivity can conceivably be achieved by a cell through a number of
mechanisms. Ion channels are generally considered to be either “open” or “closed”, where the
conductance can switch rapidly between nearly zero and a consistent higher value in a binary
manner [30]. A membrane-bound mechanosensitive ion channel can be defined as a channel
having the ability to modulate its gating (i.e. the probability of being in an open or closed state) in
response to mechanical deformation of the cell membrane [42, 43]. More generally, however,
any change in the flow of ions across the cell membrane (or across internal membrane structures
within the cell) due to mechanical stimuli can theoretically cause an alteration of cell function and
thereby provide mechanosensitivity.

Cellular mechanosensitivity may therefore be enabled

through a wide array of physical mechanisms and is not necessarily dependent upon a membrane
channel that is directly gated by a mechanical force.

The combination of the diversity of

mechanosensitive functions and the identification thus far of only a few such directly activated
channels would appear to support this observation.

Therefore, experiments to isolate and

investigate the complex and interrelated factors associated with ion channel-related
mechanosensitivity are needed to enable a fundamental understanding of these processes. A
number of studies have investigated the function of ion channels related to the sensation of filling
within the urinary bladder, particularly related to the Epithelial Sodium Channels (ENaC) and the
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Transient Receptor Potential (TRP) family of channels, which are presented in the following
subsections.
Epithelial Sodium Channel Contributions
The work of Yu et al. showed that the response of the urothelium to increased bladder
filling includes three distinct phases, where phase 1 likely involves rapid responses of
mechanosensitive ion channels to bladder stretch [44].

A previous study by Balestreire and

Apodaca had shown that the late phase responses were temperature dependent and due to
epidermal growth factor (EGF) receptor activation on the apical surface of the urothelial umbrella
cells [45]. This EGF receptor activation regulated protein synthesis by activation of a mitogenactivated protein kinase (MAPK) signaling pathway. Yu et al. observed that early modification
of the apical membrane surface area, however, does not require EGF signaling and is not
temperature sensitive, but does require activation of both a non-selective cation channel (NSCC)
and an epithelial sodium channel (ENaC) as well as an intact cytoskeleton (Figure 1-4).
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Figure 1-4. Hypothetical model for apical and basolateral response of urothelium to membrane
stretch [44] (used with permission).
permission)
Initial
tial bladder wall stretch was hypothesized to activate a mechanosensitive NSCC on the
apical surface on the membrane of the urothelial cell, allowing Ca 2+ intake upon membrane
distension. Calcium may also be released from internal stores in the endoplasmi
endoplasmicc reticulum
through an inositol
nositol trisphosphate (InsP3) mediated calcium
calcium-induced
induced calcium release process.
Together, the increased [Ca2+]i potentially increases exocyt
exocytosis
osis on the apical cell surface as well
as modulates K+ channels on the basolateral surface.
surface
ENaC channels are additionally shown by Yu et al. to be necessary for an increase in cell
surface area, as blocking the channel via amiloride or benzamil application to the apical surface
reduced the resultant surface area increase. When infused intra
intravesically,
vesically, 1mM amiloride has also
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been shown to decrease voiding frequency and increase the pressure threshold prior to voiding in
rats [46], demonstrating a systemic contribution to bladder sensing by ENaC channels. However,
the reason for which ENaC channel activation is necessary for umbrella cell surface area increase
remains to be elucidated.
Transient Receptor Potential Channel Involvement in Bladder Sensation
The TRP family of cation-selective ion channels are activated by widely varying stimuli
and contribute to sensory perception in hearing, vision, taste, smell, and touch, as well as cellular
regulation processes such as due to osmotic changes [47]. The TRP family of proteins has been
divided into 7 subfamilies (TRPV, TRPC, TRPM, TRPA, TRPN, TRPP, and TRPML), although
the functional characteristics and sensing modalities often do not correspond to subfamily
classification [47]. For example, members of multiple subfamilies are activated by specific
temperatures, membrane stretch, exocytosis, and calcium concentration. Additionally, specific
individual channels are often purported to be simultaneously sensitive to multiple stimuli,
including mechanical, chemical, and thermal conditions. As such, identifying the role of a
particular channel in a target tissue or cell type is often complicated, with the integration of
multiple signals and stimuli being attributed to individual channels.
TRP channels are widely expressed in the rat and human bladder, including TRPV1,
TRPV2, TRPV4, TRPM8, and TRPA1 [48]. Specific TRP channel agonists are known to affect
bladder sensation when administered intravesically, most notably exhibited by the clinical use of
the TRPV1 agonists capsaicin and resiniferatoxin as therapeutic treatments for detrusor
overactivity [49].

In addition, the administration of TRPV4 agonist 4α-phorbol-12,13

didecanoate (4α-PDD) increased micturition pressure in awake rats [50], while both the TRPM8
agonist menthol and the TRPA1 agonist cinnamaldehyde increase bladder contractions [48].
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Multiple studies have shown direct evidence for a role in bladder mechanotransduction
for TRPV1 and TRPV4 through altered bladder function in knockout mice.

Birder et al.

evaluated the urodynamics of TRPV1-/- knockout mice and found that mice lacking this gene
experience increased frequency of non-voiding detrusor contractions during bladder filling and
reduced reflex voiding compared to wild-type mice [67]. Further tests on bladder strips and
isolated urothelial cells from the transgenic mice showed significant reductions in the amount of
ATP released compared to wild-type when subjected to stretch or hypotonic swelling.
Comparable experiments by Gevaert et al. investigating the bladder function of TRPV4-/- mice
demonstrated a similar increase in non-voiding contractions, but also an increase in time between
voids [68]. This suggests potentially overlapping but distinct roles for TRPV4 and TRPV1 in
bladder sensation.
Electrophysiological recordings and calcium imaging experiments were performed by
Kullmann et al. [51] on cultured rat urothelial cells to investigate the functional characteristics of
TRP and acid-sensing ion channels (ASIC), a subfamily of the ENaC family of ion channels . A
transient current was elicited in a large majority of urothelial cells upon application of the TRPV4
agonist 4α-PDD, a portion of which was shown to be carried by Na+. TRPV1, TRPA1, and
TRPM8 agonists all elicited current responses, but in a lower percentage of cells. A subset of
cells was sensitive to multiple agonists, suggesting that cells can express multiple functional TRP
channel types simultaneously. ASIC channel functionality was verified through the observation
of transient currents in response to varying pH. The ASIC channels are members of the larger
ENaC family, and as such, could be blocked by the application of amiloride. This study therefore
verified the expression of multiple potentially mechanosensitive channels in the urothelium and
demonstrated a potential contribution to calcium influx and signaling at the cellular level.
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Hydrostatic Pressure Mechanotransduction
A majority of the studies presented above that investigated bladder mechanical sensation
assumed that increased urine volume causes stretching of the bladder wall, thereby causing
downstream affects. An alternative hypothesis, however, focuses on the possibility that bladder
cells, including smooth muscle, suburothelial, and urothelial cells, are sensitive to pure
hydrostatic pressure stimuli.

The sensation of absolute hydrostatic pressure or changes in

hydrostatic pressure, followed by a resulting alteration of some cellular function, may be critical
to a number of organs and systems, including the vasculature [52], intervertebral disks [53], the
eye [16], and the renal system [54]. There remains considerable debate as to whether physiologic
levels of hydrostatic pressure can cause a direct effect on cells, which are generally considered
incompressible, or whether hydrostatic pressure is sensed via a resulting membrane stretch, shear
flow, or similar stimuli [44]. Although the cell likely does not undergo sufficient mechanical
deformation due to physiological hydrostatic pressure changes to enable direct sensing, pressure
is a controlling parameter in a number of cellular processes, which may cause detectable changes
in cell parameters. A review by Myers et al. [15] put forth a mechanism by which hydrostatic
pressure may modulate the polymerization and depolymerization rates of cytoskeletal
components, such as actin filaments and microtubules, thereby enabling a local cellular response .
The depolymerization rates of microtubules assembled from rabbit tubulin have been shown to
increase in response to increasing hydrostatic pressure when temperature is maintained constant
[17]. Yu et al. [44] investigated the role of the cytoskeleton on urothelial umbrella cell responses.
The application of various cytoskeletal disrupting agents such as cytochalasin D showed that an
intact cytoskeletal network is necessary to enable a surface area increase.
Experiments have been performed on cultured cells showing that the application of both
physiological and non-physiological levels of pure hydrostatic pressure can elicit a downstream
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cellular response, including urothelial cells, bladder smooth muscle cells, and retinal microglia.
Work by Olsen et al. [14] has demonstrated increased ATP release from cultured rat urothelial
cells in response to the application of a pure hydrostatic pressure stimulus of 10 cmH2O when
applied for 5 or 15 minutes. This ATP release can be blocked by the broad TRP channel blocker
ruthenium red, the ENaC channel blocker amiloride, the stretch activated channel blocker
gadolinium (Gd3+), or by the chelation of extracellular calcium with BAPTA. This implies that
the sensory pathway is dependent upon a serial pathway including both ENaC and TRP channels.
Elevated intraocular pressure is an important risk factor for the development of glaucoma
[55]. A study of the effects of hydrostatic pressure on microglia from rat retinas by Sappington et
al. investigated the contribution of TRPV1 and Ca2+ to the release of interleukin-6 (IL-6) and the
nuclear translocation of nuclear factor kappa B (NFκB) [16]. Calcium imaging revealed that
[Ca2+]i increases via calcium influx are observed following the application a hydrostatic pressure
of +70 mmHg for 24 hours, which potentiates NFκB translocation to the nucleus and release of
IL-6. Removal of extracellular calcium or blocking of all TRP channels via ruthenium red
substantially reduced the effects of pressure, while blocking just the TRPV1 channels via iodoresiniferatoxin only reduced the response by approximately 25%. However, the TRPV1 agonist
capsaicin alone did not activate NFκB or cause IL-6 release.

TPRV1 was shown by

immunohistochemistry to be diffusely distributed throughout the cell and on the plasma
membrane, which was attributed to the presence of the channel on the endoplasmic reticulum as
well as the cell membrane. Although the mechanism by which hydrostatic pressure caused the
calcium influx was not identified, the fact that capsaicin was not able to induce the same effects
as hydrostatic pressure implies that other pressure sensitive mechanisms are necessarily present.
The possibility that pressure causes an increase in the number of TRPV1 channels in the plasma
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membrane, through a process such as exocytosis, was not addressed in the paper, but seems to be
a potential explanation for the results.
Potential Physical Mechanisms for Ion Channel Modulation by Hydrostatic Pressure
Provided that cells can be subjected to isolated hydrostatic pressure that elicits
cellular/molecular responses as observed in numerous studies so far, underlying physical
mechanisms must now be explored. As ion channels and transporters have been implicated in HP
sensation in numerous cell types, this section will outline a series of potential mechanisms by
which relatively small pressures could yield electrophysiological responses, which would likely
occur due to direct physical deformation, modified chemical reaction kinetics, or changes to lipid
bilayer membrane properties.
Physical Deformation
Perhaps the simplest potential mechanism for the sensation of hydrostatic pressure would
involve direct cell membrane stretching, such as occurs with vascular endothelial cells due to
blood pressure.

Although endothelial cells would experience a small hydrostatic pressure

increase as blood pressure increases due to the viscoelastic nature of blood vessels, this pressure
would be quickly equalized with surrounding tissues through stretching of the vessel wall.
Membrane stretch in vascular smooth muscle cells activates stretch-sensitive ion channels such as
the transient receptor potential (TRP) channels, the amiloride-sensitive ENaC/ASIC channels and
the potassium channels K2P and Kir, thereby contributing to the integrated myogenic response to
changes in pressure [52]. Such a response is likely not associated with HP directly, which can
cause confusion. Similar confusion is experienced when pressure is applied to the intracellular
space by pressurization of the fluid within a patch clamp electrode, also causing the activation of
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stretch-activated ion channels (e.g. [56]).

This dissertation only considers the sensation of

hydrostatic pressure stimuli that do not cause observable membrane stretching.
Assuming a compressibility for erythrocytes of 4 x 10-10 Pa-1 [57], a 1 kPa load would
produce a percent volume change of just 4 x 10-5 [15]. Cells are therefore considered nearly
incompressible, and it is unlikely that the direct bulk compression of the cell could be sensed.
Alternatively, a related theory states that differential compression of neighboring heterogeneous
structures could cause detectible micro-strains which could activate ion channels [58]. This could
occur either between cells and substrates of differing stiffness or between intracellular
components of differing compression moduli.
Direct conformational changes in membrane proteins such as ion channels due to
hydrostatic pressure have been demonstrated for high pressures up to 100 MPa [59], which
directly modulate the gating of ion channels. However, such an effect has not been demonstrated
for ion channels at small hydrostatic pressures of less than 20 kPa such as is experienced by the
bladder. Although such a conformation change is inherently a binary process that could be tuned
to occur at a particular pressure level, local temperature variations and other uncontrolled effects
would seem to make this an implausible sensing mechanism [58].
Modified Chemical Reaction Kinetics
Pressure is a variable in all chemical reactions that take place within the cell. A review
by Myers et al. [15] put forth a mechanism by which hydrostatic pressure may modulate the
polymerization and depolymerization rates of cytoskeletal components, such as actin filaments
and microtubules, thereby enabling a cellular mechanosensitive response. Indeed, studies have
shown that high HP (4 or 70 MPa) can cause cytoskeletal disorganization and changes in cell
shape [60, 61].

Changes in reaction rates for kinases, enzymes, etc. could have effects on

cellular metabolism, protein expression, motility, apoptosis, or many other cellular processes.
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However, it is likely that with the small pressure levels considered here, some sort of a threshold
effect or other amplification mechanism would be necessary to generate a discernible change due
to reaction kinetics, which has not been demonstrated thus far.
Lipid Bilayer Membrane Properties
A lipid bilayer surrounds every cell and many intracellular compartments, providing
chemical and electrical isolation, controlled passage of solutes, and anchoring locations for
membrane bound proteins, among other functions.

Membrane tension has been shown to

mechanically gate certain stretch-sensitive ion channels [62], and has been hypothesized to
control endocytosis and exocytosis rates [63]. Membrane molecular order has been shown to
increase when the membrane is exposed to increased hydrostatic pressure (or lower temperature)
[64]. Such increases in membrane order cause the lipid molecules of the membrane to become
more closely packed, and thereby increase membrane tension [65], potentially activating stretchactivated ion channels.

Particularly interesting is the concept that pressure would reduce

membrane fluidity in this way, raising the temperature of membrane phase transition from the gel
state to the liquid crystalline state [66].

Such a phase transition could potentially provide

increased sensitivity to very small pressure changes if properly tuned to the pressures of interest.
Rauch et al. [18] recently presented a theoretical model of the control of the kinetics of
fluid phase endocytosis (FPE) within cells and validated the model using published data for
multiple, unique cellular phenomena. Using both thermodynamic and hydrodynamic modeling,
the kinetics of FPE are shown to not be dependent upon membrane tension, but instead be
modulated by membrane lipid number asymmetry and cytosolic hydrostatic pressure. Increasing
the environmental HP or osmotic pressure was shown to favor exocytosis, which could
potentially provide a sensing mechanism through autocrine signaling, ion channel trafficking, or
membrane composition modification.

21

Summary
Mechanical parameters such as bladder wall tension or intravesical pressure due to
bladder filling are sensed at the cellular level and contribute to both conscious sensation and
reflex responses. The urothelium has been shown to contribute to bladder sensation through the
release of neurotransmitters such as ATP, as well as to actively respond to bladder filling by
increasing the surface area of the umbrella cells that line the bladder. Malfunctions in these
sensing abilities are likely to contribute to lower urinary tract dysfunction, but the mechanisms by
which sensory transduction is accomplished at the cellular level within the lower urinary tract are
not well understood.
The lack of success thus far in identifying a single stretch-or hydrostatic pressuresensitive protein structure or complex, such as an ion channel, implies that the mechanosensation
process of the bladder is likely a multifaceted process that exploits an unconventional sensing
mechanism. Interruption of particular stages of the signaling cascade has been achieved, and
indeed a number of therapeutic drugs that modulate ion channel function are clinically
administered, but identification of the inherent cause and effect relationships and the fundamental
mechanical transduction process involved in the bladder has thus far been elusive.
A number of potential protein-level mechanosensing concepts have been presented,
including mechanosensitive ion channels, pressure-sensitive exocytosis/endocytosis mechanisms,
and mechanically activated neurotransmitter-release mechanisms. Through the application of
modern investigational techniques to isolate the mechanical stimuli and detect the resulting
response, the efforts described herein were undertaken with the goal of elucidating the
fundamental mechanosensing function of the bladder, potentially enabling the identification of
similar mechanisms in numerous physiological systems.
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CHAPTER 2: RATIONALE
Overactive bladder, which is used to describe the lower urinary tract symptoms of urinary
frequency, nocturia, urgency, and urgency urinary incontinence, greatly affects a patient’s quality
of life. These storage-phase symptoms are likely associated with the sensing of bladder fullness;
however, as outlined in the background information provided in Chapter 1, the specific
mechanisms involved at the cellular level in sensing bladder fullness are not completely
understood. In fact, there is still debate as to the underlying physical parameter that actually
produces the urge to urinate [67, 68]. It is further not clear whether mechanical stimuli act
directly on the nerve terminal or whether other cells such as smooth muscle or urothelial cells
release neurotransmitters to activate chemical receptors on afferent nerves.
Previous in vitro studies by members of our lab have found that urothelial cells release
adenosine triphosphate (ATP) upon the application of an increased hydrostatic pressure without
stretch, and this effect was dependent upon extracellular calcium.

Preliminary data also

suggested that urothelial cell volume increases when exposed to hydrostatic pressure stimulus,
and that this effect is dependent upon an influx of sodium. Finally, preliminary data suggested
that increased hydrostatic pressure may lead to the activation of caspase-1, a cysteine protease,
which may then lead to an inflammatory response such as experienced in Bladder Outlet
Obstruction (BOO).
This project explored the hypothesis that the urothelial cells that line the luminal surface
of the bladder are sensitive to hydrostatic pressure, and that this sensitivity: (1) is transduced as
part of a calcium signaling response, (2) induces a volume change due to modified ion flux, or (3)
initiates an inflammatory response through activation of caspase-1. Changes in these cellular
parameters can potentially modulate cell responses to bladder filling, including bladder surface
area increase and neurotransmitter release for communication with afferent nerves. As such, the
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following specific aims were undertaken as part of this research and presented as individual
chapters within this dissertation:

Aim 1. To measure intracellular calcium concentration of urothelial cells when subjected to
hydrostatic pressure stimuli. (Chapter 3) Hypothesis: That physiological levels of hydrostatic
pressure of as low as 10 cmH2O lead to an increase in intracellular calcium concentration
([Ca2+]i) through an influx of calcium ions.
Rationale:

Cytoplasmic calcium concentration is often involved with cellular sensing and

communication functions, and hydrostatic pressure has been shown to increase [Ca2+]i in rat optic
nerve head astrocytes [69] and rat retinal ganglion cells [16].
Approach: Fura-2 imaging was performed on primary rat urothelial cells and UROtsa cells, an
immortalized normal human urothelial cell line, to measure changes in [Ca2+]i upon stimulation
by HP within a physiological range.

Aim 2.

To measure the cell volume of urothelial cells when subjected to hydrostatic

pressure stimuli. (Chapter 4) Hypothesis: That physiological levels of hydrostatic pressure
increase cell volume in urothelial cells, which could potentially lead to downstream cellular and
systemic responses.
Rationale: Preliminary results from our lab suggested that cell volume increases due to pressure
in a sodium dependent manner.
Approach: Confocal and widefield imaging was performed on primary rat urothelial cells and
UROtsa cells to measure changes in cell volume upon stimulation by hydrostatic pressure within
a physiological range.
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Aim 3.

To investigate the effect of hydrostatic pressure on caspase-1 activation in

urothelial cells.

(Chapter 5)

Hypothesis:

That caspase-1 activation increases upon the

application of physiological or pathophysiological levels of hydrostatic pressure.
Rationale: Partial Bladder Outlet Obstruction (BOO) causes an initial inflammatory response in
rat models, followed later by smooth muscle hypertrophy [70].

Preliminary results have

suggested that caspase-1 activation levels in UROtsa cells increase upon the application of
hydrostatic pressure for 1 hour.
Approach: Real-time imaging of UROtsa cells and primary rat urothelial cells loaded with a
cleavable fluorescent substrate was performed to monitor caspase-1 activation levels during the
application of hydrostatic pressure in the normal physiological range (10cmH2O) and in the range
of peak pressures observed during BOO (40cmH2O).
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CHAPTER 3: EFFECTS OF HYDROSTATIC PRESSURE ON INTRACELLULAR
CALCIUM CONCENTRATION IN UROTHELIAL CELLS

Abstract
Recent discoveries have suggested that, in addition to providing a barrier function to
urine, the bladder urothelium actively participates in sensory functions related to thermal,
chemical, and mechanical stimuli, and releases chemical signals in response [8]. In vitro studies
have shown that urothelial cells release significantly greater amounts of ATP when exposed to
physiological levels of hydrostatic pressure (HP), and this release is dependent upon an influx of
extracellular calcium. In order to characterize the role of calcium in HP mechanotransduction in
urothelial cells, time-lapse microscopy imaging of cells loaded with fura-2, a fluorescent calcium
indicator, was performed to measure the intracellular calcium concentration ([Ca2+]i) of urothelial
cells when subjected to a changing HP without stretch. Neither primary rat urothelial cells nor
cells from the UROtsa cell line were found to produce a detectable increase in [Ca2+]i, using the
described methods, when subjected to physiological pressures.

ATP release due to HP in

urothelial cells, therefore, is likely not mediated by a cytosolic calcium increase under the
conditions of this study.

Introduction
Mechanical parameters, such as bladder wall tension or intravesical pressure due to
bladder filling, are sensed at the cellular level and contribute to both conscious sensation and
reflex responses in the urinary system. The urothelium, the epithelial lining of the bladder lumen,
has been shown to contribute to bladder sensation through the release of neurotransmitters such as
ATP, as well as to actively respond to bladder filling by increasing the surface area of the
umbrella cells that line the bladder [7, 8]. Malfunctions in these sensing abilities are likely to
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contribute to lower urinary tract dysfunction [11], but the mechanisms by which sensory
transduction is accomplished at the cellular level within the lower urinary tract are not well
understood.
It is debated whether bladder afferent nerves are activated by a threshold volume,
intravesical pressure, or wall tissue tension caused by the pressure [67, 68]. Increasing
intravesical pressure due to passive filling or isotonic contraction both lead to afferent nerve
responses [24], indicating that pressure and/or the associated wall tissue tension, play a major role
in bladder mechanosensing rather than strictly tissue stretch. Indeed, spontaneous or induced
contraction of the bladder detrusor muscle, which would increase pressure in the bladder but
likely not cause stretch of the bladder wall, increases the urge to urinate. As such, this study
specifically investigates the possibility that HP mechanotransduction is involved in bladder
sensing.
Ferguson et al. first demonstrated that ATP is released from the urothelial cell layer
following the application HP to the mucosal (or apical) surface of the bladder wall in rabbits, and
were the first to suggest that this release of ATP may be part of a mechanosensory pathway to
detect bladder filling [32]. Experiments by Wang et al. later showed that ATP was released by
both the mucosal and serosal surfaces of isolated rabbit bladder tissue when stretched by the
application of hydrostatic pressure to the apical surface of the umbrella cells [41], and that ATP
signaling pathways regulate both exocytosis and endocytosis rates, thereby controlling apical
membrane dynamics. Yu et al. further observed that modification of the apical membrane surface
area requires activation of both a non-selective cation channel and a member of the epithelial
sodium channel (ENaC) family, as well as an intact cytoskeleton [44].
Multiple members of the Transient Receptor Potential (TRP) family of cation-selective
ion channels have been identified in the bladder [71], which are activated by widely varying
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stimuli and contribute to sensory perception in hearing, vision, taste, smell, and touch, as well as
cellular regulation processes such as due to osmotic challenges [47]. The TRP family of proteins
has been divided into 7 subfamilies (TRPV, TRPC, TRPM, TRPA, TRPN, TRPP, and TRPML),
one of which may function as the non-selective cation channel identified in previous studies.
Work in our lab by Olsen et al. [14] investigated the response of rat urothelial cells to
physiological levels of HP as would be experienced during bladder filling.

Unlike the

experiments described above, where the urothelial tissues were stretched by the applied pressure
difference, these experiments were performed on cells cultured on a rigid substrate, resulting in
negligible stretch. Urothelial cells were subjected to hydrostatic pressure at 5, 10, 15, and 20
cmH2O, each for 5, 15, and 30 minutes. The ATP release from the cultured cells into the
supernatant media was significantly increased in response to the application of HP of 10 cmH2O
when applied for 5 or 15 minutes. This ATP release was blocked by the broad TRP channel
blocker ruthenium red, the ENaC channel blocker amiloride, the stretch activated channel blocker
gadolinium (Gd3+), or by the chelation of extracellular calcium with BAPTA. This implies that
pressure sensation is dependent upon a serial pathway including ENaC channels and stretchactivated channels such as TRP channels, as well as Ca2+ influx from the extracellular space. The
research presented in this chapter, therefore, attempted to identify and characterize the specific
ion channels involved in urothelial pressure mechanotransduction through measurement of the
intracellular calcium concentration via time-lapse microscopy while subjected various
environmental and biochemical stimuli.
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Materials and Methods
Cell Culture
Primary urothelial cells were isolated from female Sprague–Dawley rats according to
methods reported in the literature [72]. The animals were cared for and euthanized in accordance
with an animal use protocol approved by the Clemson University IACUC. In brief, bladders were
excised and filled with 0.05% trypsin solution (Life Technologies, Carlsbad, CA, USA) using a
blunt needle. The inflated bladder was tied off with a sterile suture and incubated under standard
cell culture conditions (37 °C, 95% air/5% CO2, humidified environment) for 15 min. The trypsin
solution that contained urothelial cells was combined with an equal volume of fresh fibroblast
medium [FM: DMEM/F12 (Life Technologies) supplemented with 10% fetal bovine serum
(FBS), penicillin (100 units/mL), streptomycin (100 µg/mL), and amphotericin (15 ng/mL)] and
centrifuged at 1000 RPM for 5 min. The cell pellet was then resuspended in urothelial cell growth
medium [72], a 1:1 mixture of FM and keratinocyte growth medium [KGM: keratinocyte serumfree medium (Catalog Number: 17005-042, Life Technologies) supplemented with 2% FBS,
bovine pituitary extract (60 µg/mL), insulin–transferrin–selenium (5 µg/mL), hydrocortisone (0.5
µg/mL), epidermal growth factor (0.1 ng/mL), amphotericin (15 ng/mL), and gentamicin (30
µg/mL)]. The cells were plated on collagen I coated dishes and cultured for up to 7 days until
they reached confluence.
UROtsa cells were kindly provided by Dr. Naoki Yoshimura, Department of Urology,
University of Pittsburgh. UROtsa cells, which are immortalized normal human urothelial cells,
were cultured according to published techniques [73] in Dulbecco’s modified Eagle’s medium
(DMEM, High Glucose, GlutaMAX™, HEPES, Catalog Number 10564-011, Life Technologies)
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supplemented with 5% FBS (Atlanta Biologicals) and 1% antibiotic–antimycotic under standard
cell culture conditions (37 °C, 95% air 5% / CO2, humidified environment).
Calcium Imaging
Prior to imaging, urothelial cells were cultured either on #1.5 borosilicate glass coverslips
or in 35 mm glass-bottom dishes (World Precision Instruments, Sarasota, Florida) for 12 – 48
hours at low density. Coverslips for primary cells only were coated with collagen I. For calcium
imaging, the coverslips were placed in serum-free Hank’s Balanced Salt Solution (HBSS; in mM:
129 NaCl, 5.4 KCl, 0.3 Na2HPO4, 0.4 KH2PO4, 1.3 CaCl2, 0.4 MgSO4, 0.5 MgCl2, 8 HEPES, 5.5
D-glucose, 4.2 NaHCO3) for 30-60 minutes. The coverslips were loaded with 5 µM fura-2 AM
(Life Technologies, dissolved in 20% solution of Pluronic F-127 in DMSO) in HBSS for 30
minutes at room temperature to prevent dye compartmentalization, rinsed 2X with HBSS, and
incubated at room temperature for an additional 30 minutes to allow complete deesterfication of
the dye. All chemicals were purchased from Sigma-Aldrich unless otherwise stated.
Image acquisition was performed using an Olympus IX-81 fluorescence microscope with
a 40X UV transmitting objective, a CCD imager (Model# C9100-13, Hamamatsu Photonics K.K.,
Japan), and MetaFluor software (Molecular Devices, Silicon Valley, CA).

The fura-2 dye

produces a spectral shift in its response to excitation by UV light proportional to the intracellular
calcium concentration. The cells were alternatingly excited via 340 nm and 380 nm UV light.
Fluorescence emissions were monitored at 510 nm for both excitation wavelengths, and the ratio
of the fluorescence intensities of regions of interest (ROIs) defined completely within the cells
were used to indicate relative changes in the concentration of calcium within the cytoplasm.
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Variable Pressure Systems
In order to subject the cells to a controlled hydrostatic pressure stimulus, two complete
variable pressure perfusion systems have been developed. A variable pressure perfusion system
(Figure 3-1), which was adapted from Mandal et al. [69], was developed to allow the constant
perfusion of the live cells and the application of drugs or media of varying ionic composition
during HP experimentation. It consists of heated inlet reservoirs, pneumatic valves, a peristaltic
pump to provide a constant fluid flow, a pressure dampener, an inline heater, a pressure sensor for
monitoring dynamic pressure, a sealed cell chamber which is mounted on the microscope stand,
and a vertical actuator, which can precisely control the height of the outlet port. Due to the
constant fluid flow provided, the vertical height of the outlet port can be used to change the
hydrostatic pressure exerted on the cell chamber, and thereby control the hydrostatic pressure
experienced by the cells. Such a perfusion system allows the application of drugs and channel
agonists/antagonists during the application of hydrostatic pressure. Coverslips were mounted on
the custom acrylic cell chamber via vacuum pressure, forming a flow region with cross sectional
dimensions of 0.25 mm by 10 mm with a length of 7 mm. The cells were perfused with HBSS
for 5 minutes at a rate of 0.25 mL/min after mounting on the cell chamber to allow equilibration
prior to the start of image acquisition. See Appendix 1 for additional details.
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Figure 3-1. Variable
riable pressure perfusion system diagram. Fluids from the inlet reservoirs are
pumped through the cell chamber at fixed flow rates. Hydrostatic pressure within the cell
chamber is determined by the height of the tubing outlet controlled by the vertical aactuator.
Optional components include a pressure dampener, inline heater, and pressure transducer.
Adapted from [69].
[69]
A second pressure chamber design was implemented for supplemental experiments,
which applied hydrostatic pressure through
through pressurization of the gas phase above the fluid in a
sealed 35 mm dish.

A 35 mm dish cover was modified to include a ring of cured

Polydimethylsiloxane (PDMS, Sylgard 184,, Dow Corning) to form a seal with the bottom dish
dish.
Additionally, a hole was drilled
drilled and a luer-lock
lock connector epoxied in place to allow easy access to
pressurize the chamber.
chamber For experimentation, the
the dish cover was compressed
ompressed onto the dish using
an acrylic crossbar, which was bolted to the microscope stand. Compressed ambient air iinn a
reservoir was used as the pressure source. A custom Labview program and data acquisition
hardware (USB-6008,
6008, National Instruments) controlled miniature pneumatic valves based upon
pressure sensor readings in order to maintain the desired pressure. Seee Appendix 2 for additional
details.
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Results
Hydrostatic Pressure
Intracellular calcium concentration ([Ca2+]i) was measured in primary rat urothelial cells
at various pressure levels set by the variable pressure perfusion system by means of the calcium
indicator fura-2 AM. Cells were constantly perfused with HBSS at a rate of 0.25 mL/min
throughout the experiment through an in-line 37°C heater, with the outlet height initially set at the
height of the cell chamber. No pressure dampener and only minimal lengths of stiff tubing were
used to minimize flow alterations due to changing pressure. Urothelial cells typically form small
islands in culture [74]. Example images for 340 nm (Figure 3-2A) and 380 nm (Figure 3-2B)
show an island of cells with even dye loading and negligible dye compartmentalization. The
resulting ratio image (Figure 3-2C) is generated by dividing each pixel value in the 340 nm image
by the corresponding pixel value in the 380 nm image and appropriately scaling the result.
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A

B

C

Figure 3-2. Representative images of primary rat urothelial cells loaded with the calcium
indicator dye fura-2 AM. (A) Image acquired with excitation wavelength of 340 nm. (B) Image
of the same region with an excitation wavelength of 380 nm. (C) Ratio image of the 340 nm
response divided by the 380 nm response, then properly scaled.
ROIs were created within individual cells, and the ratio of the average intensity of the
ROI for each time point is plotted in Figure 3-3, where each line corresponds to a single cell
response. The hydrostatic pressure in the cell chamber was increased to 20 cmH2O or 10 cmH2O
during time periods shown by raising the outlet height above the cell chamber height. The
transient spikes that occur at the time of pressure application are due to focus changes caused by
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outward bowing of the glass coverslip with pressure. This deformation occurs due to the pressure
difference between the inside and outside of the chamber, and corresponds to a change in focal
height of up to 10 µm. Following a change in pressure, the microscope was refocused within 2-3
image periods. As shown, after refocusing, a detectable change in calcium concentration due to
HP is not observed. Viability and responsiveness of the cells was verified through the application
of 4α-Phorbol 12,13-Didecanoate (4αPDD) (5µM), a TRPV4 agonist, and ATP (5µM), a
purinergic receptor agonist, which both elicited detectable calcium increases. Results of
additional experiments with both primary cells and UROtsa cells similarly did not show a
detectable calcium response to HP stimuli in this range (data not shown).
TRP Channel Function
To verify that TRPV2 and TRPV4 channels expressed in UROtsa cells were functional,
calcium imaging experiments were performed while exposing the cells to known channel
agonists. Cannabidiol is a recently identified TRPV2 agonist [75], which causes an influx of
calcium into primary mouse urothelial cells [71] and urothelial carcinoma cells from the T24 cell
line [76]. Mouse urothelial cells were found to express TRPV2 channels, which were responsible
for only a slow and highly variable calcium response upon application of channel agonists [71].
However, upon pretreatment with ATP, fast and consistent responses to cannabidiol were
observed, which was hypothesized by the authors to be due to channel translocation to the cell
membrane. Likewise, for our experiments on UROtsa cells, the initial application of cannabidiol
(10 µM) typically induced only a small, sustained increase in [Ca2+]i (Figure 3-4A). However,
after a brief exposure to ATP (10 µM), a subsequent application of cannabidiol elicited several
large calcium spikes within the field of view.
The UROtsa cell response to 4αPDD, a known TRPV4 agonist (Figure 3-4B), displayed
an increasing number and intensity of calcium spikes with additional applications of agonists.
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Approximately 50% of cells in the field of view responded with a large, rapid increase then
decrease in [Ca2+]i during at least one of the applications of 4αPDD, which is consistent with
published data for rat urothelial cells [51].
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A

B

Figure 3-3. Intracellular calcium response of primary rat urothelial cells to HP. Cells wer
were
cultured on glass coverslips and mounted to an acrylic chamber via vacuum
vacuum.. Pressure stimuli
was applied by raising the outlet height of the perfusion system. Each line represents the calcium
concentration within one cell. (A) Pressures of 20 cmH2O and 10 cmH2O were applied during
time periods shown. Cell reactivity was verified through the application of 44αPDD
αPDD (5µM) and
ATP (5µM). (B) Zoomed in plot of calcium data from (A) associated with the approximate time
of application of agonists,
agonists, showing a calcium
calcium spike followed by a slightly elevated plat
plateau.
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A

B

Figure 3-4.. Calcium responses of UROtsa cells to (A) Cannabidiol, a known TRPV2 agonist, or
(B) 4α
αPDD,
PDD, a known TRPV4 agonist.
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To investigate whether fluid flow through the small vacuum chamber was eliminating the
calcium response to HP, fura-2 calcium imaging was performed on UROtsa cells cultured in a
glass bottom dish with no perfusion. The cells were loaded with the dye and then maintained in
HBSS during the experiment. The dish cover formed a sealed chamber, which was pressurized to
20 cmH2O with compressed air during the time period shown in Figure 3-5A.

A control

experiment was performed by clamping the cover of a similarly processed dish in the same way,
but without raising the internal pressure during the experiment. One so-called “calcium spark”
was captured during the control experiment, which is indicated by the arrow in Figure 3-5B at
approximately the 30 minute point. Otherwise, [Ca2+]i remained relatively constant, with only a
gradual increase throughout the experiment, which was observed in both the pressurized and
control experiments.
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A

B

Figure 3-5. Intracellular calcium
calcium response of UROtsa cells to HP. Cells were cultured in glass
bottom 35 mm dishes and pressurized by compressed air. Each line represents the calcium
concentration within one cell. (A) 20 cmH2O pressure were applied during time period shown.
(B) Control
Control experiment where pressure was not varied during the experiment
experiment. Example calcium
spark event is indicated with arrow.

40

Discussion
Hydrostatic pressure has been shown to increase [Ca2+]i in rat optic nerve head astrocytes
[69] and rat retinal ganglion cells [16]. Chelation of intracellular calcium abolished the pressureinduced activation of NFκB in A549 alveolar epithelial cells [77], and oscillatory calcium
responses were observed in osteocyte-like cells after the application of cyclic hydraulic pressure
[78]. As part of this study, however, fura-2 imaging of urothelial cells did not reveal a significant
change in intracellular calcium concentration due to HP stimuli of 10 or 20 cmH2O. The lack of a
calcium response was unexpected due to the observation from our lab that incubation with either
BAPTA, a calcium chelator, or ruthenium red, a TRP channel blocker, abolishes the increase in
ATP release due to HP in urothelial cells [14].
Multiple potential explanations for the lack of calcium response can be considered. First,
a calcium influx may have occurred in the experiment, but the increase in [Ca2+]i was perhaps
localized to small regions only, near the cell membrane, which were not discernible by the
imaging process used. Such cytoplasmic calcium microdomains typically exist in close proximity
to the plasma membrane, are often generated by the distribution of calcium-permeable channels,
and can control numerous cellular functions, including exocytosis and neurotransmitter release
[79]. Such localized microdomains may have produced sufficient calcium concentrations to
cause the exocytosis of ATP-containing vesicles without creating a global calcium increase of
detectable magnitude with the experimental techniques used.

The use of higher resolution

imaging techniques, as well as image processing algorithms to identify potential calcium
microdomains with varying calcium concentrations, may be beneficial for future experimentation.
Alternatively, the effect of hydrostatic pressure may be an increase in the likelihood or
relative frequency of calcium “sparks”, rather than a general increase in cytoplasmic calcium
levels. Such events may be relatively rare, and thus unlikely to be detected in the limited field of
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view of the imaging system, but may cause a measureable increase in ATP release within the
entire coverslip or dish. Stimulation of either TRPV2 or TRPV4 channels in UROtsa or primary
rat urothelial cells with their respective agonists caused a detectable response in up to only half of
cells imaged. However, when a response occurred, it was generally a large spike in calcium
concentration which quickly dissipated, with a subsequent small residual increase which was
present for an extended period of time. Such a spike could potentially cause a release of ATP
from a pressure sensitive cell through calcium-dependent exocytosis [80], but this may not be
observed in significant numbers in the particular fields of view selected.
Other potential explanations could include differences in cell culturing conditions or
environmental conditions. For example, the ATP release experiments in primary rat urothelial
cells were performed with phenol red-free DMEM/F12 medium supplemented with 2% FBS in an
incubator with 5% CO2 [14]. Calcium imaging experiments, however, were performed in HBSS,
which allows control and manipulation of individual ion concentrations while maintaining proper
pH conditions in ambient CO2 levels. These or other differences may have eliminated the
pressure response in the described calcium imaging experiments.
The observed calcium spikes in response to the application of cannabidiol, 4αPDD, and
ATP were found to be consistent with a study by Everaerts et al. [71] that investigated TRP
channel function in mouse urothelial cells.

Of particular interest was the observation by

Everaerts that responses of TRPV2 channels to cannabidiol were initially short and inconsistent.
However, after a short application of ATP, faster and more consistent responses were observed,
which the authors hypothesized was due to channel translocation from intracellular vesicles. A
similar effect was seen in our system with UROtsa cells, with increasing frequency and peak
calcium concentrations occurring after the application of ATP.

Similar effects were also

observed with 4αPDD activation of TRPV4 channels, with repetitive exposures to the agonist
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inducing responses in a higher percentage of cells and at a higher magnitude.

Further

investigation is necessary to determine whether this effect is due to the changing baseline calcium
concentration, TRP channel translocation due to agonist stimulation, or other effect, and therefore
how of drugs that target TRP channels in the bladder can most effectively perform their function.
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CHAPTER 4: EFFECTS OF HYDROSTATIC PRESSURE ON CELL VOLUME IN
UROTHELIAL CELLS

Abstract
ATP is released by primary rat urothelial cells when exposed to 10 cmH2O hydrostatic
pressure (HP) for as short as 5 minutes, which may serve a role in the sensation of bladder
fullness. This ATP release is facilitated by Transient Receptor Potential (TRP) channels and
Epithelial Sodium Channels (ENaC) [14], which are also involved in cellular responses to cell
swelling caused by hypo-osmotic extracellular conditions in multiple cell types [80]. As such, we
hypothesized that changes in HP induce a change in cell volume in urothelial cells, potentially
caused by an influx of Na+, which would induce a subsequent influx of water due to osmotic
pressure differences.

Confocal 3D volume reconstruction and real-time volume imaging

techniques using calcein fluorescent dye were performed on UROtsa and primary rat cells in vitro
while simultaneously exposing the cells to physiological levels of HP. A change in cell volume
upon the application of HP was not confirmed using either the confocal or real-time imaging
techniques under the cell culture and experimental conditions employed. ATP release from
urothelial cells is therefore unlikely to be mediated by membrane stretch induced by cell volume
increase.

Introduction
Sensitivity of the epithelial cells that line the urinary tract to hydrostatic pressure may
serve as a potential bladder sensing mechanism. Numerous other systems within the body are
also thought to be pressure-sensitive, including within the eye, vascular system, and bone.
Despite this, the study of the transduction of hydrostatic pressure by cells has been limited and
often inconclusive. The urothelium, like all epithelial tissues, regulates the flow of ions, water,

44

solutes, and large molecules while preventing the entry of pathogens [9]. The urothelium is a
transitional epithelium, where the outermost umbrella cells have a diameter that cycles between
50 – 120 µm throughout the bladder filling and voiding cycle [21]. The exact mechanisms by
which the urothelial cells are able to increase surface area in order to provide an increased bladder
volume during storage, however, have yet to be fully elucidated.
Multiple studies have shown direct evidence for a role in bladder mechanotransduction
for TRPV1 and TRPV4 through altered bladder function in knockout mice.

Birder et al.

evaluated the urodynamics of TRPV1-/- knockout mice and found that mice lacking this gene
experience increased frequency of non-voiding detrusor contractions during bladder filling and
reduced reflex voiding compared to wild-type mice [67]. Further tests on bladder strips and
isolated urothelial cells from the transgenic mice showed significant reductions in the amount of
ATP released compared to wild-type when subjected to stretch or hypotonic swelling.
Comparable experiments by Gevaert et al. investigating the bladder function of TRPV4-/- mice
demonstrated a similar increase in non-voiding contractions, but also an increase in time between
voids [68]. This suggests potentially overlapping but distinct roles for TRPV4 and TRPV1 in
bladder sensation.
Members of the epithelial sodium channel ENaC/degenerin family of ion channels play
critical roles in maintaining Na+ homeostasis in a variety of tissues, including ENaC channels and
the homologous acid-sensing ion channels (ASIC). Both channels are highly Na+ selective,
amiloride sensitive, and have been found to be responsive to mechanical stimuli [81]. ENaC
channels are known to be involved in urothelial cell increases in surface area [44], as blocking the
channels via amiloride or benzamil application to the apical surface reduced the resultant surface
area increase due to mechanical stimulation. When infused intravesically, 1mM amiloride has
also been shown to decrease voiding frequency and increase the pressure threshold prior to
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voiding in rats [46], demonstrating a systemic contribution to bladder sensing by ENaC channels.
However, the reason for which ENaC channel activation is necessary for umbrella cell surface
area increase remains to be elucidated.
Cell volume regulation has been shown to be facilitated by both TRP [82] and ENaC [83]
channels. Specifically in feline urothelial cells, blocking of stretch activated channels with
gadolinium or amiloride significantly reduced hypotonically-induced ATP release [84]. The
similarity between the pharmacological response of urothelial cells to both hydrostatic pressure
and hypo-osmotic stimuli, which both cause the release of ATP, lead to our group’s hypothesis
that increased hydrostatic pressure induces cell swelling in urothelial cells. This cell swelling
may then lead to the activation of stretch activated channels, which induces exocytosis or other
cellular responses that facilitate bladder sensation. As such, the study presented was undertaken
to determine if urothelial cell volume is modulated by pressure, and if so, is the associated cell
swelling dependent upon an influx of sodium through ENaC and/or TRP channels.

Materials and Methods
Cell Culture
Primary urothelial cells were isolated from female Sprague–Dawley rats according to
methods reported in the literature [72]. The animals were cared for and euthanized in accordance
with an animal use protocol approved by the Clemson University IACUC. In brief, bladders were
excised and filled with 0.05% trypsin solution (Life Technologies, Carlsbad, CA, USA) using a
blunt needle. The inflated bladder was tied off with a sterile suture and incubated under standard
cell culture conditions (37 °C, 95% air/5% CO2, humidified environment) for 15 min. The trypsin
solution that contained urothelial cells was combined with an equal volume of fresh fibroblast
medium [FM: DMEM/F12 (Life Technologies) supplemented with 10% fetal bovine serum
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(FBS), penicillin (100 units/mL), streptomycin (100 µg/mL), and amphotericin (15 ng/mL)] and
centrifuged at 1000 RPM for 5 min. The cell pellet was then resuspended in the urothelial cell
growth medium [72], a 1:1 mixture of FM and keratinocyte growth medium [KGM: keratinocyte
serum-free medium (Catalog Number: 17005-042, Life Technologies) supplemented with 2%
FBS,

bovine

pituitary

extract

(60

µg/mL),

insulin–transferrin–selenium

(5

µg/mL),

hydrocortisone (0.5 µg/mL), epidermal growth factor (0.1 ng/mL), amphotericin (15 ng/mL), and
gentamicin (30 µg/mL)]. The cells were plated on collagen I coated dishes and cultured for up to
7 days until they reached confluence.
UROtsa cells were kindly provided by Dr. Naoki Yoshimura, Department of Urology,
University of Pittsburgh. UROtsa cells, which are immortalized normal human urothelial cells,
were cultured according to published techniques [73] in Dulbecco’s modified Eagle’s medium
(DMEM, High Glucose, GlutaMAX™, HEPES, Catalog Number 10564-011, Life Technologies)
supplemented with 5% FBS (Atlanta Biologicals) and 1% antibiotic–antimycotic under standard
cell culture conditions (37 °C, 95% air 5% / CO2, humidified environment).
Calcein Dye Loading
Prior to imaging, urothelial cells were cultured on #1.5 borosilicate glass coverslips or in
glass bottom 35 mm dishes (World Precision Instruments, Sarasota, Florida) for 12 – 48 hours at
low density. Coverslips and dishes for primary cells were collagen coated prior to use. The cells
were placed in serum-free Hank’s Balanced Salt Solution (HBSS in mM: 129 NaCl, 5.4 KCl, 0.3
Na2HPO4, 0.4 KH2PO4, 1.3 CaCl2, 0.4 MgSO4, 0.5 MgCl2, 8 HEPES, 5.5 D-glucose, 4.2
NaHCO3) for 30-60 minutes.

Calcein-AM is a membrane-permeable dye which is non-

fluorescent until cleaved by intracellular esterases.

After cleavage, the dye is no longer

membrane-permeable, and is therefore retained in the cell with low leakage.

For calcein

volumetric imaging, the cells were loaded with 2 – 5 µg/mL calcein-AM (Life Technologies,
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dissolved in 20% solution of Pluronic F-127 in DMSO) in HBSS for 45 minutes at 37°C, rinsed
2X with HBSS, and incubated at 37°C for 30 minutes to allow complete deesterfication of the
dye.
Confocal 3D Volume Imaging
Cells pre-loaded with Calcein-AM were imaged using an Olympus IX-81 fluorescence
microscope with spinning disk confocal capabilities. Confocal images were acquired via CCD
imager (Model # C9100-13, Hamamatsu Photonics K.K., Japan) using MetaMorph software
(Molecular Devices, Silicon Valley, CA, USA) at 0.2 µm intervals throughout the entire height of
all cells in the field of view. Three replicate z-stacks were acquired at each pressure level of 0
cmH2O (ambient), 10 cmH2O, or 20 cmH2O, or at various osmolarities. 3D deconvolution was
performed on all image stacks using AutoQuant software (Media Cybernetics, Rockville, MD,
USA). Cell volume measurements were performed using the 4D Viewer function of MetaMorph
for each stack. Proper selection of the threshold value used for determining the ‘edge’ of the cell
for volume measurement is critical for consistent results in order to account for photo-bleaching
and dye leaching effects, as well as self-quenching and dilution effects. Initial threshold values
used for isometric rendering and volume measurements were set to exclude out-of-plane
fluorescence emissions from the cell volume calculation. Thresholds for subsequent z-stacks
were calculated by first determining the slice in the confocal image stack that had the maximum
entire image average intensities for both the current stack and the initial stack. The ratio of these
average intensities is then multiplied by the initial threshold value to set the current threshold
value.
In order to investigate the nature of the corresponding change in cell shape with volume
increase, the cell area on each image plane of one confocal image stack was measured using
MetaMorph software. The raw images were first low-pass filtered, and then binarized using a
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threshold determined by the same ratio technique as described for the automated volume
calculation.

A region of interest was drawn around a cell on the binary image, and the

measurement of total intensity was used to determine the number of pixels within the cell
boundary for each plane.
Real-time Volume Imaging
Time-lapse images were acquired every two seconds using an Olympus IX-81
fluorescence microscope with a 40X objective, a CCD imager, and MetaFluor software
(Molecular Devices, Silicon Valley, CA). Changes in cell volume can be detected through either
dilution or self-quenching effects. At lower dye concentrations, an increase in cell volume will
cause a decrease in fluorescence intensity emitted from a defined volume due to the dilution of
the fixed quantity of dye molecules in an increased volume within the cell [85]. At higher dye
concentrations, an increase in cell volume will cause an increase in fluorescence intensity due to
the decreased effect of self-quenching, as calcein molecules in close proximity are known to have
reduced fluorescence efficiency [86]. Regions of interest (ROIs) were defined entirely within a
single cell, and the average fluorescence intensity within each ROI was calculated for each image.
ROIs within cells tend to have increased sensitivity to fluorescence intensity changes due to
dilution effects, since the increased size in any dimension (X, Y, or Z) will result in fewer
fluorophores within the ROI near the focal plane. ROIs which encompass entire cells with
sufficient space around the cells to account for expansion tend to be somewhat insensitive to
dilution effects, since nearly the same number of fluorophores will remain in the ROI. Since
either type of ROI is nearly equally sensitive to self-quenching effects, ROIs completely within
cells were used. Data was analyzed using Microsoft Excel.
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Osmotic Shock
To verify the ability to detect a change in cell volume by either 3D reconstruction or
fluorescence intensity changes in calcein loaded cells, we subjected urothelial cells to perfusion
with solutions with a range of osmolarities. HBSS with osmolarities of approximately 275, 300,
and 325 mOsm for the confocal experiments or 270, 300, 330, and 360 mOsm for the real-time
experiments were produced from standard HBSS by adding mannitol as necessary, which
modifies the osmolarity of the solution without affecting ionic strength. The perfusion system
was configured for the confocal experiments with a peristaltic pump, as shown in Figure 3-1, with
a flow rate of approximately 250 µL/min. For the real-time fluorescence intensity measurements,
syringe pumps were used to apply to apply solutions with the different osmolarities to the cells at
room temperature. One syringe pump at a time was switched on and provided a flow rate of
approximately 170 µL/min of the desired solution. Cells were cultured on #1.5 glass coverslips,
which were mounted on a custom cell chamber via vacuum suction (see Appendix 1 for details).
Pressure Equalization Chamber
Varying hydrostatic pressure within an imaging chamber, through which a thin glass
coverslip is used to image, can cause coverslip deformation. This effect is often observed in high
magnification microscopy as cyclical focus changes when a peristaltic pump is used for
perfusion. The pressure waves induced by the peristaltic action of the pump cause the coverslip
to deform, altering the distance of the cells from the objective, causing a change in focus. For
most experiments described, the focus was manipulated after the application of pressure in order
to return the focal plane to as near as possible to the original location, which takes a few
acquisition times to perform.

To potentially alleviate these issues, a pressure equalization

chamber was designed to force the pressure on both sides of the coverslip to be equalized to the
greatest extent possible, thereby minimizing differential pressure-induced deformation for
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particular experiments. Additional details regarding this chamber are provided in Appendix 3.
Briefly, the design consisted of a silicone rubber sheet used as a baffle, which formed a seal
around the objective of the inverted microscope. This baffle served as the bottom surface of a
sealed acrylic chamber that included a mounting hole for a glass bottom 35 mm dish. For
selected experiments, dishes with cultured cells were placed in the chamber, which was then
bolted securely to the microscope stand. It is noted, however, that due to a putative downward
force applied by the baffle on the objective due to pressure, the focus change upon pressure
application, although drastically reduced, could not be completely eliminated.
Statistics
A paired t test (two tail) was used where appropriate. The level of significance was set at
p < 0.05. Data are presented as means ± standard error of mean.

Results
Osmotic Challenge – Confocal 3D Reconstruction
In order to validate the described method of calculating cell volume through the 3D
reconstruction of confocal image stacks of calcein-loaded cells, experiments were first performed
during osmotic challenge. UROtsa cells were initially loaded and maintained in a 300 mOsm
solution. Three replicate confocal stacks were acquired at 300 mOsm, followed by 275 and 325
mOsm, according to the profile shown in Figure 4-1. Cell volumes were determined and plotted
relative to the first stack acquired. Relative volumes consistent with hypo-osmotic swelling and
hyperosmotic shrinkage are observed, with a mean swelling of 5% and a mean shrinkage of 4% in
response to 8-9% osmotic challenge. Volume change percentage is anticipated to be smaller than
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the percent osmotic change due to osmotically insensitive fraction of intracellular components
[86].

Figure 4-1. Relative cell volume change in UROtsa cells due to osmotic challenge, determined
through 3D reconstruction of confocal image stacks of calcein
calcein-loaded
loaded cells.
HP-induced
induced Volume Change – Confocal 3D Reconstruction
Primary Urothelial Cells
A total of six confocal imaging experiments were performed on calcein
calcein-AM
AM loaded
primary rat urothelial cells subjected to varying hydrostatic pressure profiles. Confocal stacks
were 3D deconvolved, a threshold was applied, an isosurface image was rendered ((Figure 4-2A),
A),
and volume measurements were obtained. Figure 4-2B
B shows a representative plot of a single
sequence of volume measurements acquired from a series of confocal image stacks. Three
confocal stacks were acquired at each pressure, which was varied for two complete cycles from
ambient to 20 cmH2O. Over multiple experiments, a relative volume increase of 6.2 ± 1.7% was
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observed for increases from ambient to 10 cmH2O (n=4), and 12.1 ± 3.9% for increases from
ambient to 20 cmH2O (n=6) (Figure 4-2C). The general shape of a representative cell was
approximated by measuring the cell area on each plane for two z-stacks, one at ambient pressure
and one at 20 cmH2O. The corresponding cell radius values were estimated for each plane
assuming circular shape. The cell radius data was shifted to account for changes in the apparent
height of the basal surface of the cell, which occurs due to deformation of the coverslip with
pressure. The cell radius data was then plotted versus z-axis height to illustrate the approximated
cell profile for both ambient and pressurized conditions (Figure 4-2D), suggesting an inflation in
the z-axis.
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A

C

B

D

Figure 4-2. Primary rat urothelial cell volume measurements under HP. (A) Isosurface rendering
of urothelial cells stained
stained with calcein-AM
calcein AM obtained from confocal image stacks. (B)
Representative plot of relative cell volume during application of hydrostatic pressure for a single
cell versus time. Periods of pressure application are shown across the top of the plot. (C)
Relative
elative change in cell volume in response to pressure increases from either ambient to 10
cmH2O (n=4) or ambient to 20 cmH2O (n=6). (D) Representative cell radius calculated by
dividing the estimated cell area by π and taking the square root versus the zz-axis
axis height.
UROtsa Cells
Cell volume measurements for UROtsa cells under HP stimuli were not monotonic in
most experiments. A representative plot is provided in Figure 44--3,
3, which shows relatively
consistent readings at each pressure, but volumes that first
first decrease when pressure increases from
0 – 20 cmH2O, then decrease further when pressure decreases to 10 cmH2O, and finally
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increases well above the baseline volume when pressure returns to ambient (0 cmH2O)
cmH2O).
However, other patterns were observed, including
including often the volume for 10 cmH2O stimulus being
the greatest (data not shown).

Figure 4-3. UROtsa cell volume measurements under HP. Representative plot of relative cell
volume during application of
of hydrostatic pressure for a single cell versus image stack
ck number
number.
Periods of pressure application are shown across the top of the plot.
Potential Distance Artifact of Confocal Volume Measurements
When investigating potential artifacts which may have been contributing to the high
variability and seemingly large
large changes in cell volume, a potential correlation was observed
between the resulting
resulting cell volumes calculated and the relative height of the cells within the
confocal image stacks. Deformation of the coverslips occurred when the cell chamber was
pressurized, nominally causing the cells to move up to 10 µm
m towards the microscope objective
upon the application of 10 cmH2O pressure. In order to guarantee that the complete cell was
captured within the confocal stack, the focus would be manually changed to counteract this effect.
However, particularly in early
early experiments, this process was not performed in a precise manner,
and so the objective distance to the cells would often change between pressure groups, although
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the cells would remain completely within the stack. A potential correlation was observed,
however, between objective distance and resulting volume calculation.

This was further

investigated by plotting the primary rat cell volume calculations from Figure 44-2B
2B along with the
relative change in objective distance, provided in Figure 44-4,
4, which sshows
hows a seemingly strong
correlation. It is noted, however, that experiments where such changes in objective distances
were nearly completely eliminated, variable volume calculations were still obtained (data not
shown), but were mostly not correlated with pressure.

Figure 4-4.. Plot showing correlation between apparent volume measurements and the change in
objective distance for one primary rat cell experiment. Relative cell volume shown in black and
the relative objective distance shown in red.
Osmotic Challenge – Real-time
time Fluorescence Intensity
In order to validate the method of directly monitoring cell volume through intensity
measurements of a volume sensitive dye in urothelial cells, we first perf
performed
ormed experiments
involving the application of perfusion solutions of known osmolarity while monitoring cell
volume changes. From a baseline of 270 mOsm, solutions of 300, 330, and 360 mOsm were
applied according to the profile shown in Figure 4-5.
4 . The rraw
aw fluorescence intensity of ROIs
within 5 individual cells is plotted in (A), which shows distinct changes due to osmolarity as well
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as an overall decrease. The gradual decrease is due to photobleaching or dye leakage, and it can
be modeled as a single exponential [87]. For a representative cell, data from the 270 mOsm
regions only was fit with an exponential in Excel, and the resulting equation was used to correct
all data samples for drift. All data was then normalized to the average intensity of the initial 270
mOsm region to show relative changes in volume, which are shown in (B). Application of
hyperosmotic solutions, which presumably induces cell shrinkage, caused a decrease in
fluorescence intensity. Therefore, under these dye loading and imaging conditions, we are in the
self-quenching regime rather than the dye dilution region. This is consistent with the use of
widefield microscopy, as fluorescence is being collected from the entire thickness of the cells,
and therefore the effects of self-quenching dominate the effects of dilution [88]. Seemingly
consistent and linear changes in intensity of approximately 1% are observed for each 10% change
in osmolarity, which validates the experimental technique under these conditions.
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A

B

Figure 4-5. Relationship between external osmolarity and fluorescence intensity recorded in
UROtsa cells loaded with calcein-AM.
calcein AM. Cells were initially incubated and perfused with HBSS
with an osmolarity of 270 mOsm,
mOsm, and then the external osmolarity was then changed to the
values shown. (A) The average fluorescence intensity of ROIs within 5 individual cells prior to
correction. (B) Intensity data after correction by exponen
exponential
tial fitting of data for 270 mOsm,
normalized to 100%, for representative ROI.
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Hydrostatic Pressure
UROtsa cells were cultured in glass bottom dishes, which were mounted within the
pressure equalization chamber mounted on the microscope stage. Hydrostatic pressure was
applied equally to both sides of the dish in the chamber by means of the pressure equalization
chamber, thereby minimizing differential pressure-induced glass deformation.

Time-lapse

fluorescent imaging was performed on the calcein-loaded cells at a rate of one image every 2
seconds. ROIs were defined within individual cells and the average intensity within the ROI was
calculated for each image. The resulting data was corrected for drift due to photobleaching or
dye leakage using a single exponential. A representative portion of data is plotted Figure 4-6A,
with the hydrostatic pressure stimulus level shown across the top of the plot. An apparent
decrease in fluorescent intensity can be seen when a pressure stimulus of 20 cmH2O is applied.
Review of images, however, shows that a subtle change in focus occurs with changes in pressure
despite the use of the pressure equalization chamber, although this change is considerably smaller
than when not using the chamber. This focus change can be seen within the white circles of the
images in Figure 4-6B. The dark spot within the circle is present at ambient pressure, disappears
at 20 cmH2O, and then reappears when pressure is returned to the original level. Also, assuming
that we are in the self-quenching regime as was determined during the osmotic challenges, a
decrease in intensity would imply a decrease in cell volume upon the application of increased HP,
not an increase as hypothesized.
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A

B

0 cmH2O

20 cmH2O

0 cmH 2O

Figure 4-6. Real-time
time imaging of UROtsa cells with volume
volume-sensitive
sensitive dye during the application
of hydrostatic pressure.
pressure (A) Time history data
data showing an apparent correlation between pressure
of 20 cmH2O and fluorescence intensity.
intensity. (B) Examination
xamination of the source images reveals that slight
focus changes are occurring despite the use of a pressure equalization chamber
chamber.. White circles
highlight a dark spot feature which is in focus at ambient pressure but out of focus when
pressurized.
pressurized
To further explore the effects of focus change on real
real-time
time fluorescence measurements, a
pressure of 40 cmH2O was applied. The intensity data (Figure 44-7A)
A) agai
againn shows a decrease in
fluorescence intensity upon application of increased HP, with a larger magnitude difference than
seen for 20 cmH2O.
cmH2O At the time shown by the labeled arrow, the focus control was moved up
until the cells appeared to match the images prior
p rior to pressure application. At this time, the
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original intensity values are nearly recovered. Later, the HP stimulus is reduced back to ambient
pressure, at which time the fluorescence intensity increases beyond the baseline value,
presumably due to the
the focal plane returning to a height even closer to the glass surface than
an
during the initial period of ambient pressure.
pressure. Corresponding images are shown in Figure 44-7B
B for
the initial period, pressurized period before manual focus correction, and after foc
focus
us correction.
A

B

0 cmH2O

40 cmH2O (uncorrected)

40 cmH2O (corrected)

Figure 4-7. Real-time
time fluorescence intensity response to 40 cmH 2O HP stimulus. (A) Intensity
decreases upon the application of HP. However, it is mostly recovered when focus is manually
corrected. (B) Representative images showing a discernible change in focus between the ambient
and 40 cmH2O images prior to correction.
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Discussion
Previous studies in our lab found that urothelial cells release ATP in response to HP
stimuli, which could be blocked by amiloride, ruthenium red, and HC-067047 [14]. Amiloride is
a known antagonist of both ENaC channels and the Na+/H+ exchanger. Ruthenium red is a broad
spectrum blocker of TRP channels, while HC-067047 is a specific blocker of TRPV4 channels.
Additional studies suggested that urothelial cells undergo a volume increase due to increasing HP,
which is blocked by amiloride but not TRP channel blockers, which implies that ENaC channels
or Na+/H+ exchangers function upstream of TRP channels in this signaling cascade. Similarities
between the response of urothelial cells to either osmotic challenge or HP lead to the hypothesis
that varying HP may induce a change in cell volume in urothelial cells in the same way that
osmotic challenge can induce cell swelling or shrinkage.

However, using the techniques

employed for this study, it was not confirmed that a change in volume occurs due to physiological
HP stimuli within the time frame associated with a potential bladder sensing mechanism.
The described techniques for determining cell volume through confocal imaging of
calcein-loaded cells followed by 3D volume reconstruction were validated by osmotic challenge
experiments. When HP stimuli was applied to primary rat urothelial cells, cell volume was found
to both increase in response to the application of increased hydrostatic pressure and decrease in
response to decreasing pressure. The cell volume response of UROtsa cells to HP stimuli was not
found to be monotonic in most experiments, with increases in HP causing both increases and
decreases in the calculated cell volume. The high variability of the confocal technique in the
resulting volume could potentially be attributed to many factors.

An apparent correlation

between the distance from the objective to the cells has been observed. The cause of this
correlation has not been determined, although the inclusion of differing amounts of out of plane
light by the 3D deconvolution process due to a different number of confocal slices above and
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below the cells has been considered. The 3D reconstruction process is also extremely sensitive to
the threshold value used to determine the limits of the cell. Due to blurring of the image, and
likely some cellular effects, the transition from bright to dark at the cell membrane is somewhat
gradual in the images acquired for this study. As such, the apparent size of the cell can be altered
significantly through the selection of a higher or lower threshold. Due to the photo-bleaching and
dye leakage effects, the intensity of sequential images is nearly always decreasing, and so a
standardized method for determining the threshold must be applied to each confocal image set.
Although the parameters and calculation methods developed for this study to calculate these
thresholds appear to have produced valid results for the osmotic challenges, it is unknown if this
method is valid for other experimental conditions. The effects of cell shape may have also
limited volume accuracy, as urothelial cells cultured in monolayers, particularly at low
confluency, tend to be thin and spread out. Due to the nature of determining volume based on L x
W x H calculations, small errors in any dimension can cause large overall errors in volume,
particularly when the object is very small in one or two dimensions. Therefore, due to the
unacceptable variability and inconsistency of the confocal 3D reconstruction technique for this
application, a second approach based on the use of calcein as a volume sensitive dye was
employed for the remainder of the study.
The use of calcein as a volume-sensitive dye was demonstrated in UROtsa cells subjected
to moderate osmotic challenges. After correction for drift, changes in fluorescence intensity due
to a 10% change in osmolarity of the external solution were easily discernible, implying a
resolution for our system of perhaps 2-3 % volume change. This is consistent with published
sensitivity levels for calcein-based volume techniques [89]. However, after manually correcting
for focus changes, changes in cell volume due to HP do not appear to occur. It is unknown at this
time whether the putative volume change due to HP exceeds the 2-3 % sensitivity of the system,
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and therefore whether it would be resolvable by our current system. Cells have been shown to
exhibit regulatory volume decrease and regulatory volume increase in response to osmotic
challenges as small as 1% with no apparent threshold effect, meaning that volume sensing within
cells likely occurs in a continuous fashion below 1% [90]. As such, a change in volume due to
HP may be occurring, and this change may be sensed by the cell and cause a downstream
response, but it may not be detectable by the techniques employed by this study. Although
techniques for higher resolution detection of volume changes due to light scattering have been
described [91, 92], it appears that these techniques would be particularly sensitive to coverslip
deformation, and therefore, particular effort to eliminate deformation under HP would be needed
prior to the use of these techniques.
This study was undertaken to determine if cell volume changes may serve as a
mechanism for urothelial cell sensitivity to bladder filling. Based on the results of this study, it is
likely that previously observed changes in calcein fluorescence intensity in urothelial cells under
HP were at least partially attributable to changes in focus. In this study, experiments where
control of focus after the application of HP was sufficient, a detectable change in fluorescence
intensity was not observed, and so a change is cell volume due to HP has not been demonstrated.
Improvements to this approach, or alternative approaches, are needed to determine if a volume
change that is less than the sensitivity of the techniques described here is occurring due to HP and
to quantify the change.
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CHAPTER 5: CASPASE-1 ACTIVATION DUE TO HYDROSTATIC PRESSURE IN
UROTHELIAL CELLS

Abstract
Bladder Outlet Obstruction (BOO) causes a variety of pathophysiological modifications
to portions of the urinary system in distinct phases, including an initial inflammatory response,
smooth muscle hypertrophy, and finally bladder wall fibrosis [70]. In a rat model of BOO,
elevated cytokine levels have been observed in urothelial tissue, potentially as part of this initial
inflammatory response [93]. Preliminary results in our lab indicated that the level of activated
caspase-1 is increased in UROtsa cells, a human urothelial cell line, when exposed to hydrostatic
pressures of 15, 30, or 40 cmH2O for l hour compared to cells exposed only to ambient pressure.
The study described herein was undertaken to elucidate the time course and spatial distribution of
caspase-1 activation using a fluorescent substrate that is cleaved by activated caspase-1. Live
cell, time-lapse microscopy enabled real-time monitoring of caspase-1 activity in UROtsa and
primary rat urothelial cells while subjected to hydrostatic pressure (HP) stimulation. Initial
results indicate that under the cell culture conditions employed, caspase-1 activation in urothelial
cells is dependent upon passage number and level of confluency, but is not significantly modified
by HP within the pressure ranges and test durations of this study. The observed increase in
caspase-1 activation in UROtsa cells is likely not due to HP stimulation, but rather due to cell
culturing conditions.

Introduction
Bladder Outlet Obstruction (BOO) can be induced by either anatomic or functional
causes. Congenital BOO occurs at rates up to 6 per 1000 infants [94] and is most often caused by
posterior urethral valves [95]. BOO in adults, most often occurring due to benign prostatic
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hyperplasia (BPH) in men or complications from incontinence procedures in women, may result
in various lower urinary tract symptoms (LUTS), including both obstructive symptoms such as
hesitancy and irritative symptoms such as urinary urgency or increased frequency of urination
[96]. BOO is characterized by increased outlet resistance, which is derived from a high detrusor
pressure (>50 cmH2O) but a low urinary flow rate, and can lead to a high-pressure, non-compliant
bladder [97].
A study by Metcalfe et al. used a rat model of BOO to demonstrate that the progression
from initial obstruction to bladder decompensation is due to a series of distinct pathologies that
occur in phases [70]. The initial stage observed at 2 weeks after BOO induction includes an
increase in bladder capacity without an increase in storage pressure, which is thought to be due to
an inflammatory response causing increased cell proliferation. This inflammatory response was
observed as an up-regulation of multiple cytokines, such as transforming growth factor β1 (TGFβ1). The next stage occurs by 4 weeks and is characterized by detrusor muscle hypertrophy,
which allows the bladder to overcome the increased outlet resistance. By 8 weeks of BOO, the
bladder begins to decompensate due to fibrosis, yielding a thinner bladder wall with increased
collagen and decreased contractility. As such, it appears that damage to the bladder is initiated
quickly due to an inflammatory cascade after the onset of BOO, when voiding pressure is
increased, but the storage pressure is still normal.
Inflammasomes are cytosolic protein complexes that are responsible for activating
inflammatory caspases from the inactive procaspase form [98]. Inflammasomes are assembled in
response to the detection of a wide variety of alarm signals originating both intracellularly and
extracellularly,

including

pathogen-associated

molecular

patterns

(PAMPs)

such

as

lipopolysaccharide (LPS) or damage-associated molecular patterns (DAMPs) such as
extracellular ATP [99]. Once activated, an inflammatory caspase such as caspase-1 is able to
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cleave multiple inflammatory cytokines, such as interleukin-1β (IL-1β) and IL-18, which are
released from the cell and can initiate an inflammatory cascade [100].
Multiple studies have shown an increase in the release of cytokines in response to
hydrostatic pressure stimuli, including IL-6, IL-8, and tumor necrosis factor-α (TNF-α) [101,
102]. The study presented in this chapter was undertaken to determine whether HP in the
pathophysiological range (40 cmH2O), as may be experienced due to voiding pressure with BOO,
induces an increase in caspase-1 activation in vitro, and the spatial or temporal distribution of the
activation.

Using a substrate which becomes fluorescent after being cleaved by activated

caspase-1, confocal imaging experiments were performed on live urothelial cells both with and
without the application of HP, as well as the application of exogenous substances to possibly
induce caspase-1 activation pharmacologically.

Materials and Methods
Cell Culture
UROtsa cells were kindly provided by Dr. Naoki Yoshimura, Department of Urology,
University of Pittsburgh. UROtsa cells, which are immortalized normal human urothelial cells,
were cultured according to published techniques [73] in Dulbecco’s modified Eagle’s medium
(DMEM, High Glucose, GlutaMAX™, HEPES, Catalog Number 10564-011, Life Technologies)
supplemented with 5% fetal bovine serum (FBS, Atlanta Biologicals) and 1% antibiotic–
antimycotic under standard cell culture conditions (37 °C, 95% air 5% / CO2, humidified
environment).
Primary urothelial cells were isolated from female Sprague–Dawley rats according to
methods reported in the literature [72]. The animals were cared for and euthanized in accordance
with an animal use protocol approved by the Clemson University IACUC. In brief, bladders were
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excised and filled with 0.05% trypsin solution (Life Technologies, Carlsbad, CA, USA) using a
blunt needle. The inflated bladder was tied off with a sterile suture and incubated under standard
cell culture conditions (37 °C, 95% air/5% CO2, humidified environment) for 15 min. The trypsin
solution that contained urothelial cells was combined with an equal volume of fresh fibroblast
medium [FM: DMEM/F12 (Life Technologies) supplemented with 10% FBS, penicillin (100
units/mL), streptomycin (100 µg/mL), and amphotericin (15 ng/mL)] and centrifuged at 1000
RPM for 5 min. The cell pellet was then resuspended in urothelial cell growth medium [72], a 1:1
mixture of FM and keratinocyte growth medium [KGM: keratinocyte serum-free medium
(Catalog Number: 17005-042, Life Technologies) supplemented with 2% FBS, bovine pituitary
extract (60 µg/mL), insulin–transferrin–selenium (5 µg/mL), hydrocortisone (0.5 µg/mL),
epidermal growth factor (0.1 ng/mL), amphotericin (15 ng/mL), and gentamicin (30 µg/mL)].
The cells were plated on collagen I coated dishes and cultured for up to 7 days until they reached
confluence.
Prior to experiments, some cells were LPS-primed for 4 hours with 1 – 2.5 µg/mL LPS
(from Escherichia coli 0127:B8, Sigma). Additionally, some cells were stimulated with 5 mM
ATP (Sigma) dissolved in HBSS or media.
Caspase Substrate
The CaspaLux1 substrate (OncoImmunin, Inc, Gaithersburg, MD) is composed of a
fluorophore labeled peptide. When the cell membrane permeable substrate peptide is cleaved by
activated caspase-1, it becomes fluorescent, with excitation and emission peaks within the
standard FITC wavelengths.

Since the precleaved substrate is not completely quenched,

background fluorescence is present, even in the absence of activated caspase-1.

As such,

confocal imaging is recommended if the substrate is maintained in the media during imaging in
order to limit the contribution of fluorescence from outside of the focal plane to the maximum
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extent possible. Substrate solution (75 µL of 10 µM solution) was added to the 2 mL of media in
each 35 mm dish immediately prior to confocal imaging.
Real-time Imaging with Pressure Control
Time-lapse images were acquired once every 30 seconds using an Olympus IX-81
fluorescence microscope in spinning disk confocal mode with a 40X oil-immersion objective, a
CCD imager (Model# C9100-13, Hamamatsu Photonics K.K., Japan) and MetaMorph software
(Molecular Devices, Silicon Valley, CA). Regions of interest (ROIs) were defined completely
around one or more cells, and the average fluorescence intensity within each ROI was calculated
for each image. Pressure was applied to cells cultured in 35 mm glass bottom dishes or standard
plastic dishes through pressurization of the gas phase above the fluid in the dish. A 35 mm dish
cover was modified to include a ring of cured Polydimethylsiloxane (PDMS, Sylgard 184, Dow
Corning) to form a seal with the bottom dish. Additionally, a hole was drilled and a luer-lock
connector epoxied in place to allow access to pressurize the chamber. The dish cover was then
compressed onto the dish using an acrylic crossbar, which was bolted to the microscope stand.
Compressed ambient air in a reservoir was used as the pressure source. A custom Labview
program and data acquisition hardware (USB-6008, National Instruments) controlled miniature
pneumatic valves in response to pressure sensor readings in order to maintain the desired
pressure. Temperature was maintained at 37°C by mounting the dish in a heated microscope
stage adapter (20/20 Technology, Inc., Wilmington, NC). See Appendix 2 for additional details.
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Results
UROtsa Cells with HP at Low Passage Number
To observe the time course and spatial distribution of caspase-1 activation by hydrostatic
pressure in urothelial cells, the fluorescent substrate was added to the media of either UROtsa or
primary rat cells and confocal images acquired every 30 seconds. UROtsa cells of various
passage numbers and confluency were imaged to determine the effect of culturing conditions. A
differential interference contrast (DIC) image of UROtsa cells at passage 12, cultured at low cell
density, is shown in Figure 5-1A). Caspase-1 activity is nearly undetectable, as observed in
Figure 5-1B, where areas within cells are actually lower intensity than areas with no cells. This is
expected for cells with low caspase-1 activation due to the reduced permeability of the cell
membrane causing a lower concentration of the precleaved substrate within the cell.

A

hydrostatic pressure stimulus of 40 cmH2O was applied at the 20 minute time point. The average
intensities of regions surrounding 3 different cells or groups of cells were subtracted from the
average intensity of a region with no cells for each image and plotted versus time in Figure 5-1C,
where each line corresponds to a single ROI. The transient spikes that occur at the time of
pressure application are due to focus changes caused by outward bowing of the glass coverslip
with pressure. This deformation occurs due to the pressure difference between the inside and
outside of the chamber, and corresponds to a change in focal height of up to 10 µm. Following a
change in pressure, the microscope was refocused within 2-3 image periods.
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A

B

C

Figure 5-1. Confocal imaging of UROtsa cells (passage 12). (A) DIC image showing cells at
low density. Urothelial cells initially form islands as shown. (B) Confocal image of cells with
fluorescent caspase-1
caspase substrate showing very low activation
activation. (C) Time history fluorescence
intensity data of 3 regions encompassing individual cells. Hydrostatic pressure stimulus of 40
cmH2O was applied as shown. Spikes at time of pressure change are due to focus changes only.
LPS priming is often performed for caspase-1
caspase 1 experiments in order to up
up-regulate
regulate the
production of inactive cytokine precursors,
s, such as pro-IL
IL-1β.. LPS was added to the cell media 4
hours prior to experimentation and
and remained in the media throughout the imaging experiment. A
DIC image of LPS-primed
LPS primed UROtsa cells, also at passage 12
12, is shown in Figure 5-2A.
A. These
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cells also displayed very low caspase-1 activity (Figure 5-2B, with overlay of DIC in Figure 52C), although it appears slightly higher than the non-primed images in Figure 5-1B above.
However, due to the small number of cells imaged and limited number of culture samples, it is
not possible to say whether activation is increased by LPS priming. A hydrostatic pressure
stimulus of 40 cmH2O was initially applied at the 20 minute time point. The average intensities
of regions surrounding 3 different cells were subtracted from the average intensity of a region
with no cells for each image and plotted versus time in Figure 5-2D. Activated caspase-1 appears
to be concentrated in small volumes, perhaps vesicles, near the cell membrane. When viewing
the time lapse images sequentially as a movie, the activated volumes are not stationary, but rather
appear to move small distances within the cell (data not shown).
As a potential positive control, 2 mL of HBSS with 10 mM ATP was added immediately
after the start of image acquisition to the 2 mL of media with the caspase-1 substrate already
present in the dish to provide a final ATP concentration of 5 mM. An initial apparent increase in
caspase-1 activation can be seen (Figure 5-2E). The caspase-1 substrate becomes permanently
fluorescent after cleavage, so a decrease in activated caspase-1 will not result in a decrease in
fluorescence intensity. Therefore, this transient at the time of ATP addition is most likely an
artifact due to dilution effects occurring most rapidly in the extracellular space, but eventually
reaching equilibrium between the extracellular and intracellular regions. As such, when the
background value, taken from a region without cells, was subtracted from the ROIs with cells,
there was an initial increase in the value after the background was subtracted. However, from
approximately the 10 minute time point until the end of the experiment, the caspase-1 activation
levels are nearly constant.
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A

B

C

D

E

Figure 5-2. Confocal imaging of UROtsa cells (passage 12) after 4 hour incubation with 1µg/mL
L
LPS. (A) DIC image showing cells at low density. (B) Confocal image of cells with fluorescent
caspase-1
caspase 1 substrate showing low activation. (C) Overlay of DIC and substrate. (D)) Time history
fluorescence intensity data of 3 regions encompassing ind
individual
ividual cells. Hydrostatic pressure
stimulus of 40 cmH2O was applied as shown. Spikes at time of pressure change are due to focus
change only. (E)
( ) Time history fluorescence intensity data of 3 regions encompassing cells which
were exposed to 5 mM ATP at
at time=0.
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UROtsa Cells with HP at High Passage Number
Similar test profiles were performed with UROtsa cells at a higher passage number of 26
which had been allowed to reach a fully confluent state multiple times, at which time some cells
begin to lift off. Images in Figure 5-3
5 3 show widespread enhanced activation of caspase
caspase-11 in
nearly all cells in the field of view.
A

B

C

D

Figure 5-3.. Confocal imaging of UROtsa cells (passage 26) with no LPS primi
priming.
ng. (A) DIC
image showing cells at high density. (B) Confocal image of cells with fluorescent caspase
caspase-1
substrate showing widespread activation. (C) Overlay of DIC image and substrate. (D) Time
history data of 3 regions of interest. Hydrostatic pressure
pressu re stimulus of 20 cmH 2O was applied as
shown. Spikes at time of pressure change are due to focus changes only. Level shifts near
minutes 65 and 100 are due to manual focus corrections required due to drift induced by
thermally conductive grease being compressed
compressed by the clamping mechanism.
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Primary Rat Urothelial Cells with HP
Confocal images were acquired from primary rat urothelial cells while subjecting them to
a pressure stimulus. A 20X non-oil immersion lens was used to enable imaging through a plasticbottom 35 mm dish on which the primary cells were cultured. The DIC image (Figure 5-4A)
shows islands with some flattened, fully adherent cells as well as some rounded cells. The
caspase-1 substrate (Figure 5-4B, with overlay in Figure 5-4C) shows regions of enhanced
caspase-1 activation concentrated within a few cells, some of which are flattened and some
rounded. Time history intensity data for selected ROIs (Figure 5-4D) has increased variation,
perhaps due to the lower magnification objective, but does not show an increasing trend with
pressure application.

Discussion
Our data from this study establishes that caspase-1 is present in cells from the UROtsa
human urothelial cell line and primary rat urothelial cells. In UROtsa cells, the level of activation
of caspase-1 appears to be increased in high passage number cultures that have been allowed to
reach full confluency. As urothelial cells cultured in monolayers reach confluence, cell death
rates are enhanced. Excessive caspase-1 activity is known to induce pyroptosis, a form of cell
death characterized by cell membrane rupture, and may also be involved in the apoptosis pathway
[99]. Also, confluence-induced cell death in Madin-Darby canine kidney (MDCK) cells is known
to be mediated by the activation of caspase-8, as well as induce increased levels of caspase-2, 6,
8, and 9 [103]. Additional experimentation would be needed to definitively show that caspase-1
activation levels are dependent upon confluency in urothelial cell cultures, and further to
determine whether caspase-1 activation directly mediates confluence-induced cell death in
urothelial cells.
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A

B

C

D

Figure 5-4. Confocal imaging of primary rat urothelial cells with no LPS priming
priming.. (A) DIC
image showing cells at medium density. (B) Confocal image of cells with fluorescent caspase
caspase-11
substrate showing minimal activation. (C) Overlay of DIC image and substrate. (D) Time
history data of 4 regions of interest. Hydrostatic pressure stimulus of 440 cmH2O was applied as
shown.
shown
The experimental technique involving the real-time
real time imaging of the caspase
caspase-11 fluorescent
substrate was not verified to be capable of detecting a change in caspase
caspase-11 activity within the 1
hour timeframe of the experiments.
experiments. Therefore, this study is not able to definitively disprove the
hypothesis that HP increases caspase-1
caspase 1 activation. Stimulation with exogenous 5 mM ATP, even
after LPS-priming,
LPS priming, did not induce a detectable change in fluorescence intensity within 1 hour
from cell cultures using the caspase-1
caspase 1 substrate (Figure 55-2E),
2E), and alternative caspase
caspase--1
activating agents with rapid effects in urothelial cells have not been identified. As such, the
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technique used, involving the acquisition of confocal fluorescent images from cells in the
presence of the substrate, has not been validated with a positive control, and therefore may not be
capable of detecting a real-time change in caspase-1 activation. However, since varying levels of
activation are detected in cells of differing passage number, it seems likely that a short term
increase in activation would also induce an increase in fluorescence intensity.
The hypothesis that hydrostatic pressure of 40 cmH2O, a level experienced during
voiding in patients with BOO, increases caspase-1 activation in UROtsa cells within a 1 hour
timeframe cannot be confirmed based on our study results using the caspase-1 cleavable
fluorescent substrate and real-time imaging. Preliminary results in our lab demonstrated that
compared to control (0 cmH2O above ambient), caspase-1 activity in lysates of UROtsa cells was
significantly greater when the cells were exposed to a hydrostatic pressure stimulus of 15, 30, or
40 cmH2O for 1 hour. However, based on the confluence-induced caspase-1 activation suggested
by this study, it may be that insufficient control of the basal levels of activated caspase-1 in the
cell cultures for the ambient pressure and increased pressure groups was responsible for the
apparent effect. Further experimentation to determine cell culturing methods for UROtsa cells
which maintain a low level of caspase-1 activity over multiple passages is needed to enable future
experimentation concerning caspase-1 activation in UROtsa cells.
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CHAPTER 6: SUMMARY AND CONCLUSIONS
For the bladder to function normally, at least one sensory mechanism must exist within
the lower urinary tract that is responsible for the transduction of mechanical stimuli (such as
hydrostatic pressure, stretch, tension, and/or shear stress) into biochemical and ultimately
bioelectrical signals. An increasingly accurate model of lower urinary tract function can be
obtained through the understanding of such parameters as the sources of a particular biochemical
transmitter, the factors or stimuli that cause its release, potential targets such as receptor
molecules, the sensitivity of the receptors, and the downstream stimulatory or inhibitory effects
on the targets. Such a model could be utilized to direct research towards the understanding of
lower urinary tract function, as well as provide a framework for understanding and identifying the
underlying causes of dysfunction, including BOO.
The lack of success thus far in identifying a single hydrostatic pressure-sensitive protein
structure or complex, such as an ion channel, implies that the mechanosensation process of HP is
likely a multifaceted process that exploits an unconventional sensing mechanism. Numerous
studies have demonstrated downstream effects of HP including altered gene expression,
proliferation, and apoptosis rates. However, relatively few experiments have been performed to
investigate the underlying mechanism responsible for the sensation of HP by cells. Thus far,
most of these experiments have implicated ion channels or transporters. Interruption of particular
stages of the pressure signaling cascade has been achieved, but the fundamental mechanical
transduction process involved in HP sensation remains to be discovered.
As part of this study, fura-2 imaging of urothelial cells did not reveal a significant change
in intracellular calcium concentration due to HP stimuli of 10 or 20 cmH2O. Multiple potential
explanations for the lack of calcium response can be considered, including potential calcium
microdomains with varying calcium concentrations, calcium spikes, or differences in cell
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culturing conditions or environmental conditions.

The lack of a calcium response was

unexpected due to the observation from our lab that incubation with either BAPTA, a calcium
chelator, or ruthenium red, a TRP channel blocker, abolishes the increase in ATP release due to
HP in urothelial cells [14]. These results would appear to corroborate the previous results of the
study by Yu et al., which showed that membrane tension on urothelial tissue, applied by pulling a
filament, was sufficient for ATP release, while equal hydrostatic pressures applied to both sides
of urothelial tissue, which does not result in increased tension, did not elicit an ATP release
response.
It is well known that bladder urothelial cells increase membrane surface area as the
bladder fills, allowing for increased storage volume. It is generally agreed that a combination of
membrane folding/unfolding and vesicle exocytosis/endocytosis enables this capability in
mammals [9].

Cell volume and cell membrane surface area, although associated with one

another, are independent properties, as cell volume can change without an associated change in
membrane area through altered cell shape and membrane folding/unfolding.

The studies

presented subjected bladder cells to physiological levels of hydrostatic pressure to investigate the
possibility that cell volume is directly modulated by hydrostatic pressure, and thereby may serve
as the mechanotransduction mechanism for bladder filling sensation. However, an increase in
urothelial cell volume due to HP was not observed. Future studies should be performed to
determine if membrane area is modulated by HP, which may or may not be associated with cell
volume.
A study by Sappington et al. demonstrated a contribution by TRPV1 channels to the
release of IL-6 in microglial cells from rat retinas following the application of a hydrostatic
pressure of +70 mmHg for 1 hour [16]. Calcium imaging revealed that [Ca2+]i increases via
calcium influx are observed, which potentiates NFκB translocation to the nucleus and release of
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IL-6.

This inflammatory response is therefore induced by HP and potentially leads to the

detrimental effects of glaucoma. IL-1β and TNF-α mRNA levels in urothelial tissue from rats
with surgically-induced BOO are increased [93], perhaps demonstrating a key component of the
initial inflammatory response in BOO. The initial phase of BOO is characterized by increased
bladder capacity without increased storage pressure, as well as increased voiding pressure, and an
inflammatory response is initiated [70]. The increased pressure during voiding in BOO is caused
by detrusor contraction rather than increasing volume, and so we have investigated hydrostatic
pressure itself rather than bladder wall stretch as a mechanical stimulus for the inflammatory
response due to BOO. The study presented here also employed a constant pressure stimulus
applied continuously for 1 hour. However, voiding pressures are experienced by the bladder for
only the time required for urination, which repeats periodically after the bladder fills. Future in
vitro experimentation perhaps should be performed with multiple cycles of HP stimuli consisting
of short periods (~1 min) of increased pressure followed by an extended period of low pressure
corresponding to a typical urination cycle.
The increase in cytokine release observed in the urothelium caused by BOO could be due
either to a mechanosensory function of urothelial cells directly, such as for HP or stretch, or due
to a biochemical signal from an alternative cell type [7]. As one example, smooth muscle cells of
the detrusor layer may release signaling molecules in response to the increased tension they are
required produce in order to expel urine under the conditions of BOO, and these signaling
molecules may then act upon urothelial cells to cause inflammasome activation.

Further

experimentation is needed to isolate the cell type within the bladder which possesses the
mechanosensory mechanisms responsible for cytokine release and the subsequent inflammatory
response associated with BOO.
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Two alternative explanations for bladder sensing not related to hydrostatic pressure
include bladder wall stretch or in-line tension sensing. A signaling cascade may be started by the
sensation of bladder wall stretch by a mechanism such as a stretch-activated ion channel. Studies
of stretch-induced responses of urothelial tissue, however, have required relatively large strains to
elicit a response [36], which are likely not physiologically relevant to overactive bladder. Recent
investigation into the concept of detrusor muscle having a preload tension sensing capability has
shown that tension can modulate myosin phosphorylation in detrusor muscle cells [104]. Such an
in-line tension sensor could potentially not only provide autonomous control of bladder wall
tension during filling, but also provide biochemical signals to nearby afferent nerves. Further
work is needed to verify this sensing mechanism and to identify the specific signaling
mechanisms involved.
The research described herein, through a combination of standard and novel experimental
techniques, and unique environmental conditions, has contributed to our understanding of bladder
function and other potentially pressure sensitive organ systems. Urothelial cells were shown to
express functional TRP channels, which have been shown to be mechanosensitive in previous
studies, but a cytosolic increase in calcium concentration was not demonstrated upon the
application of physiological levels of hydrostatic pressure. Likewise, although appearing similar
to the cellular response to hypo-osmotic challenge, the cell volume of urothelial cells was not
shown to be changed by a measurable amount by physiological hydrostatic pressure changes.
Finally, despite cytokine levels being increased in a rat model of bladder outlet obstruction, levels
of caspase-1 activation in urothelial cells in vitro were not shown to be elevated by hydrostatic
pressure during the one hour experimental timeframe. Although the results of these studies were
generally negative, it is hoped that they will provide a quality foundation comprised of carefully
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controlled experiments upon which future researchers can base their undertakings in the area of
bladder mechanotransduction.
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CHAPTER 7: FUTURE WORK
The work presented in this dissertation has hopefully provided valuable investigative
tools and insights for the study of the mechanotransduction of hydrostatic pressure that can assist
in the future development of a mechanistic model of the transduction process. Many questions
remain, not only related to bladder sensing but other organ systems as well, and so the following
recommendations for future work are provided.

ATP Release from Primary Cells and a Cell Line
Primary rat urothelial cells have proven difficult to isolate and culture for multiple
passages while maintaining cell type phenotype.

Experiments are recommended that first

replicate the ATP release results in primary rat cells and then explore options for a cell line or
alternative cell source. Development of a controlled, real-time experimental method to monitor
ATP release is recommended, such as the use of luciferin-luciferase assay mixture with a singlephoton-sensitive microscope or optical system [105]. Upon the identification of a repeatable ATP
release, additional experiments to further investigate the fundamental sensing mechanism would
be beneficial. For example, extracellular calcium has been identified as being necessary, but we
do not know if the influx of calcium is related to calcium-sensitive ion channels, calcium-induced
calcium-release, or calcium-mediated exocytosis, among other possibilities. Such experiments
could be performed using pharmacological manipulation, particularly using specific channel
agonists and antagonists, but would also benefit by the use of knockout mice or siRNA
techniques.
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Elimination of Coverslip Deformation Artifacts
In order to conclusively identify the ion channels or other cellular components
responsible for pressure sensitivity, it is quite likely that live-cell imaging during the application
of HP will be necessary. Thus far, we have attempted to manually correct focus changes caused
by coverslip deformation, but this approach will likely raise concerns about resulting data as well
as miss any fast transients which might occur before focus can be corrected. Attempts were made
to eliminate the differential pressure associated with coverslip deformation in this research (see
Appendix 3), but the described approach was not able to remove the effect entirely, as even
movements of less than a micron were shown to affect the results.
It is not a simple task to effectively eliminate all potential extraneous sources of
stimulation, such as fluid shear stress, while subjecting cells or tissues to controlled HP stimuli.
Experiments involving low pressures must be carefully designed and executed to provide the
proper pressure stimuli while maintaining all other conditions sufficiently constant to avoid false
results. Optical imaging is often used in pressure experiments to perform ion concentration
measurements or other indicators of ion channel or transporter activity. In such experiments, care
must be taken to avoid introducing focus shift artifacts due to coverslip deformation under
pressure. For relatively low pressures, increased thickness coverslips (#1.5 or greater) may be
sufficient [69], depending upon optical parameters.

For high pressures or more sensitive

applications such as the use of calcein described here, it may be beneficial to decouple the cell
layer from the pressure-retaining optical window to enable the use of stronger windows. Mizuno
et al. [106] demonstrated such a configuration, which uses a long working distance lens to image
the cells while inverted above the pressure-containing optical window, guaranteeing that cell
responses to bending are not falsely attributed to HP. This configuration would minimize or
eliminate changes in focus experienced due to HP, but changes in the optical path between the
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lens and the cells could still occur due to bowing of the window. Additionally, degradation of the
optical performance of the system due to the use of a long working distance lens, and the effect of
the optical slice thickness on the measurement of self-quenching and dilution effects, may further
limit the effectiveness of this approach to this application in future experiments. Experiments
potentially could also be performed by placing the entire microscope within a pressure vessel
such as a hyperbaric chamber, perhaps at a facility such as described in D'Agostino et al. [107].
Such an imaging capability could not only be used for calcium or volume imaging experiments
such as performed for this dissertation, but also for sodium, pH, or membrane potential-sensitive
dyes.

Investigation of Exocytosis/Endocytosis Rates under Hydrostatic Pressure
Rauch et al. [18] presents a theoretical model of the control of the kinetics of fluid phase
endocytosis (FPE) within cells based upon pressure.

Using both thermodynamic and

hydrodynamic modeling, environmental HP or osmotic pressure was shown to favor exocytosis,
which could potentially provide a sensing mechanism through autocrine signaling, ion channel
trafficking, or membrane composition modification. As urothelial cells have a large number of
discoidal or fusiform-shaped vesicles that accumulate near the apical membrane [108], it is
possible that a change in hydrostatic pressure modulates the fusion of the vesicles with the cell
membrane and the release of vesicular contents.

Monitoring the turnover rate of the cell

membrane under pressure could be performed with various fluorescent membrane dyes such as
FM4-64 or other labeling techniques to determine if this model applies to urothelial cells under
HP.
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Investigation of ATP Release Mechanism
Further investigation into the mechanism of ATP release is needed in order to more fully
understand the response of cells to HP or other mechanical stimuli. Potential mechanisms for
ATP release include vesicular release or secretion through a membrane protein such as a channel
or transporter. Methods to visualize ATP release in live cells have been developed, some based
on total internal reflection fluorescence (TIRF) microscopy, which can be used with ATPsensitive dyes or luciferin-luciferase assay mix to refine the mechanistic model for release in
particular cell types under stimulation [109].

Electrophysiological Investigation
Results from our lab have suggested that ATP release can be blocked through the
application of amiloride and the use of low extracellular sodium, implying a role for ENaC
channels in bladder sensing. Studies to measure sodium currents and other ion transmembrane
currents while varying hydrostatic pressure, as well as to monitor any change in membrane
potential, would be beneficial for HP mechanotransduction research, but have not been performed
to date in urothelial cells. Additionally, the urothelium is a transitional epithelium, where the
outermost umbrella cells have a diameter that cycles between 50 – 120 µm during bladder filling
and voiding [21]. The exact mechanisms by which urothelial cells are able to increase surface
area in order to provide an increased bladder volume during storage have yet to be fully
elucidated. Studies are needed to determine whether plasma membrane surface area increases
under hydrostatic pressure stimuli, and if so, investigate the potential role of exocytosis in the
underlying mechanism. Both of these apparent effects could be verified most effectively with
patch clamp techniques.
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The electrophysiological patch clamp method could be employed to measure ion currents
and membrane potential, as wells as membrane capacitance in real-time during HP stimulation of
primary urothelial cells, as membrane capacitance is known to be linearly proportional to plasma
membrane surface area [110]. The traditional approach uses a glass micropipette filled with an
electrolyte solution to form an electrically isolating seal with the target cell surface. Various
methods are then employed to gain electrical access to the internal cell volume, thereby allowing
the ionic current flowing through ion channels or the membrane potential to be measured with
high precision. Additionally, through the transient analysis of the relationship between these
currents and the voltage levels to which the membrane is clamped, it is possible to determine
membrane capacitance. See Appendix 4 for details of a preliminary design of a pressurized patch
clamp chamber, which may enable this experimentation.
Significant challenges are associated with performing patch clamp experiments under
pressure with standard glass micropipettes due to the induced relative movement between the
pipette and the cell (see Appendix 4). As such, initial development of a planar patch clamp
experimental setup was undertaken, in which the micropipette is replaced by a small, micron
diameter hole in a planar surface. A seal is then formed between a cell and the surface, allowing
electrophysiological measurements to be made. As differential pressures are applied between the
two chambers in order to form and maintain a seal, this technique may provide an excellent
platform on which to perform HP mechanotransduction research.

Future work is needed,

however, if this approach is to be pursued. The use of a commercial system, such as the Port-aPatch system from Nanion Technologies, GmbH, would likely provide a viable investigation
capability. Details regarding the progress made in the development of a custom planar patch
clamp electrode fabrication system are provided in Appendix 5. Additional work to improve the
variation of hole diameters and shape would be needed in order to use this fabrication technology.
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Regardless of the technology used for planar patch experiments, the fact that cells are generally in
suspension rather than adherent to the glass surface must be considered. The glass surface at the
seal location must be very clean and free of cellular debris. As such, cells are generally brought
to the hole location and a seal rapidly formed, which does not give the cell time to adhere to the
surface. It is unknown whether urothelial cells (or other cell types) would display sensitivity to
HP when detached from the substrate, and so a lack of a response would not necessarily
demonstrate a lack of sensitivity.

Outlook
Our work demonstrates the importance of controlling all physical, chemical,
environmental, and experimental conditions when investigating the mechanotransduction of HP
by cells. Continued effort, as partially outlined here, is needed to overcome the challenges
associated with isolating the effects of HP for future studies.

When this is achieved, the

mechanisms behind the transduction of pressure by cells can effectively be investigated,
potentially leading to improved understanding of diseases such as bladder dysfunction and
glaucoma.
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Appendix 1: Variable Pressure Perfusion System Design
In order to subject the cells to a controlled hydrostatic pressure stimulus, a complete
variable pressure perfusion system has been developed (Figure 3-1), which was adapted from
Mandal et al. [69]. It consists of heated inlet reservoirs, pneumatic valves, a peristaltic pump to
provide a constant fluid flow, a pressure dampener, an inline heater, a pressure sensor for
monitoring dynamic pressure, a sealed cell chamber which is mounted on the microscope stand,
and a vertical actuator, which can precisely control the height of the outlet port. Due to the
constant fluid flow provided, the vertical height of the outlet port can be used to change the
hydrostatic pressure exerted on the cell chamber, and thereby control the hydrostatic pressure
experienced by the cells. Such a perfusion system allows the application of drugs and channel
agonists/antagonists during the application of hydrostatic pressure. Portions of this system were
used in experiments related to all three of the Specific Aims.
In order to perform high resolution live-cell imaging of adherent cells under increased
hydrostatic pressure, a custom vacuum flow chamber was developed, as shown in Figure A1-1,
based upon the Vacu-Cell™ Incubation Chamber design by C&L Instruments, Inc. A custom
acrylic version of the design was necessary due to the UV autofluorescence of the coating applied
to the aluminum version of the commercially available chamber. Since the fura-2 calcium
sensitive dye utilizes UV wavelengths, the aluminum version caused excessive background
emissions. The acrylic version designed also provided improved visibility through the chamber,
allowing the chamber to be easily positioned above the objective on the microscope stage. The
transparent chamber, however, is not as effective at blocking ambient light, and so the reduction
of ambient light was critical. Additionally, the larger 2 in. by 4 in. footprint allowed direct
mounting on the microscope stage without an adapter, by either standard microscope stage clips
or by bolting through the mounting holes.
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Figure A1-1. Custom acrylic vacuum cell chamber based upon the Vacu-Cell™ design by C&L
Instruments, Inc. to allow imaging of live cells with fluid perfusion and hydrostatic pressure
stimulus.
Two concentric O-rings allow for the application of vacuum to the space between the
O-rings, which holds the 25 mm coverslip firmly in place without exposing the center region to
vacuum. Vacuum is applied via the white luer-lock connector threaded onto the chamber from
the top. Coverslips can be rapidly and easily secured to the chamber without the use of grease or
the requirement to wipe off cells and media from the outer regions, thereby avoiding detrimental
effects to the cells in the center. The coverslip with cells cultured on the inner surface is mounted
to the chamber, forming a flow region with cross sectional dimensions of 0.25 mm by 10 mm
with a length of 7 mm, yielding a perfusion volume of 17.5 mm3.
Perfusion of fluids is performed through two sections of 1/16 in. OD polyethylene tubing,
which provide an inlet and outlet when press fit into access holes in the top surface. Presumably
laminar flow across the entire cell chamber surface is provided by the design of an inlet and outlet
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groove slightly deeper than the flow region. Bubbles within the cell chamber must be avoided by
pre-filling the chamber with fluid and eliminating air from the perfusion system.
A Gilson Minipuls 2 peristaltic pump was used to provide a nearly constant fluid flow
rate despite variable back pressures. In order to minimize the cyclic pressure fluctuations caused
by the peristaltic pumping mechanism, a pulse dampener was placed in-line, which consisted of
an air filled tube and rubber bulb. Pulsations in fluid pressure would cause the air in the
dampener to be compressed, allowing a small amount of fluid to enter the tube. During periods
of low pressure, this fluid would return out of the dampener, providing nearly pulseless, constant
flow. This dampener was removed from the system for later experiments, however, since it was
determined that relatively rapid changes in hydrostatic pressure within the cell chamber, as were
applied during experiments, would also cause fluid to enter the dampener. Since this fluid would
come from the chamber side of the system rather than the pump side, it was recognized that
potentially high flow rates, and therefore high shear stress, as well as potentially turbulent flow,
could be experienced by the cells in the chamber. Caution must be used to achieve an acceptable
balance between pulsatile pressure and backflow when using a peristaltic pump.

Later

experiments were performed using a set of syringe pumps, which provide nearly pulse-free flow,
but which are expensive for multiple solution setups and contain a limited volume of fluid which
cannot be replenished during an experiment.
Solutions (up to 4) were contained in 60 cc syringes without plungers, which were
housed in a enclosure with an electrical heating pad. Preheating of solutions, when used, limits
the production of gas bubbles caused by in-line heaters further down the system, by degassing the
solutions prior to entering the closed system tubing. Solutions were selected by means of
miniature pinch valves and a 6-channel perfusion valve control system (VC-6, Warner
Instruments, Inc., Hamden, CT, USA).

Heating of solutions, when used, was performed
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immediately before the solution entered to the cell chamber to limit subsequent cooling. A single
inline solution heater (SH-27G, Warner Instruments) was used, which was controlled by a
custom, high-current, heater controller based on a National Instruments data acquisition system
(USB-6008) and Labview software running on a PC. Temperature accuracy and stability were
verified by a miniature thermistor cable assembly (Model TA-29, Warner Instruments) and an
ohmmeter.
Outlet height adjustment was provided by a custom vertical actuator, consisting of a rail
assembly, pulley, stepper motor, and stepper motor driver. The actuator was controlled by an
embedded PIC32 USB Starter Kit (Microchip) with custom software and PC software developed
in Microsoft Visual C++.
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Appendix 2: Gas Pressure Controller System
A gas pressure chamber design was implemented for supplemental experiments, which applied
hydrostatic pressure through pressurization of the gas phase above the fluid in a sealed 35 mm
dish (Figure A2-1).

A 35 mm dish cover was modified to include a ring of cured

Polydimethylsiloxane (PDMS, Sylgard 184, Dow Corning) to form a seal with the bottom dish.
A hole was drilled in the cover and a luer-lock connector epoxied in place to allow easy access to
pressurize the chamber. The dish cover was then compressed onto the dish using an acrylic
crossbar, which was bolted to the microscope stand or to a custom acrylic base as shown. The
dish could either be placed directly on the microscope stand or acrylic base, or it could be
mounted in a temperature controlled microscope adapter (BC-110, Bionomic Controller, 20-20
Technology, Inc.).
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Figure A2-1. Variable pressure chamber compatible with 35 mm standard or glass-bottom
dishes. Shown with temperature controlling adapter, and bolted to acrylic base with knurled
knobs.
Ambient air was compressed in a reservoir (5 gal. portable air tank) by a lab pump (DOA
–P704-AA, Gast Manufacturing, Inc.) and used as the pressure source. A custom Labview
program and data acquisition hardware (USB-6008, National Instruments) controlled miniature
pneumatic valves based upon pressure sensor readings in order to maintain the desired pressure.
Remote sensing of pressure was implemented using additional tubing to allow for pressure wave
propagation and achieve accurate pressure readings, as shown in the schematic in Figure A2-2.
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C

Figure A2-2. Gas--phase
phase pressure controller design. (A) Schematic. Chamber sensor readings
are acquired by Labview program, which controls Valves 1 and 2 to maintain pressure within the
desired range. (B) Labview front panel.
panel. (C) Labview block diagram.
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Appendix 3: Pressure Equalization Chamber Design
A pressure equalization chamber was designed to allow the pressure on both sides of the
coverslip to be equalized, thereby minimizing differential pressure-induced deformation to the
greatest extent possible for particular experiments. The design consisted of a silicone rubber
sheet used as a baffle, which formed a seal around the objective of the inverted microscope,
which was secured between two sheets of 0.354 in. thick acrylic with openings in the center using
recessed bolts. This baffle served as the bottom surface of the sealed chamber. Dishes with
cultured cells were held securely in the chamber by another layer of 0.354 in. acrylic with a
properly sized opening. Ample venting around the dish provides for equalization of pressure on
both sides of the dish. Seals between sections that had to be assembled often were implemented
with rectangular sheets of silicone rubber that served as gaskets within acrylic sheet spacers. The
chamber was covered and bolted securely to the microscope stand. Gas pressure was applied
through the luer-lock connector on the side of the chamber, and pressure was controlled by the
gas pressure controller system described in Appendix 2. However, it is noted that due to a
putative downward force applied by the baffle on the objective due to pressure, the focus change
upon pressure application, although drastically reduced, could not be completely eliminated.
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Figure A3-1. Pressure equalization chamber for use on inverted microscope. (A) Diagram of
layers of the chamber. (B) Photo of unassembled chamber.
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Appendix 4: Pressurized Patch Clamp System Design
Although not used to produce any of the experimental results presented in this thesis,
significant progress was made in the design and implementation of a novel pressurized patch
clamp chamber design, which will be described in this appendix. While electrophysiological
recordings and calcium imaging experiments have been performed on cultured rat urothelial cells
[51], none has been performed during exposure to mechanical stimuli. This is partly due to the
challenges associated with varying environmental parameters such as pressure within a
conventional patch clamp setup. To overcome this issue, we developed a sealed acrylic cell
chamber with a pressure-sealed access port for the pipette electrode (Figure A4-1). The design
includes a sealed objective port for the upright microscope objective to allow viewing of the cells
within the chamber during patch clamping, which was implemented by epoxying a rubber
grommet to the top surface. The sealed port for the patch pipette was a rubber plunger end of a
standard 5 mL syringe, in which a small hole was punched in the center. The blunt end of the
patch pipette is inserted through this hole prior to mounting the pipette into the pipette holder. A
male luer-lock connector is mounted with epoxy to allow pressurization of the chamber. A
silver-silver-chloride (Ag-AgCl) wire is run through a small hole and sealed with epoxy. Finally,
a nylon screw is threaded through the top surface with a silicone rubber gasket to provide a
mechanism for securely positioning the glass coverslip with cells attached on the bottom of the
chamber.

100

A
E

D

B
C

Figure A4-1. Pressurized patch clamp chamber, including: (A) sealed objective port, (B) sealed
pipette port, (C) pressurization port, (D) bath electrode, and (E) coverslip securing bolt.
Due to the mechanical coupling of the objective to the pressurized chamber, it was
necessary to securely mount the chamber to the stage to avoid relative movement between the
cells and the patch pipette. As shown in Figure A4-2, two acrylic rails (A) were installed, to
which two acrylic cross bars (B) were mounted with knurled fasteners. The cross bars held the
chamber securely to the base surface, enabling the objective to be manipulated without disturbing
the cells or pipette. Also shown is the custom hinged pipette holder (C), which was necessary to
enable free movement of the pipette without breakage. In this configuration, movement of the
pipette tip in the Y and Z directions was reversed relative to the micro-positioner movement, as
the pipette would pivot at the point where it was held in place by the rubber stopper. The hinged
holder consisted of a custom threaded Delrin rod with a receptacle, a short wire, and a pin to
connect to the preamplifier. This assembly would freely bend at the wire, enabling the pipette tip
to be positioned as needed with sufficient practice and patience. Not shown was an acrylic block
inserted above the objective holder to lock the objective positioning mechanism, which allowed
the objective to move within the rubber grommet.
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A

Figure A4-2. Pressurized patch clamp system. (A) Mounting rails, (B) cross bars, and (C) hinged
pipette holder.
Manipulation of pipette pressure is critical for patch clamp experiments [111]. As the
pipette is submerged in the bath and brought near the cell, a small positive pressure is applied to
cause an outward stream of fluid to keep the tip free of debris. When the tip is very near the cell
membrane, the pipette pressure is removed to stop the flow and allow a seal to begin to form.
Sometimes, a small negative pressure (<20 cmH2O) is applied to promote seal formation. After
sealing, if the whole cell method is used, an abrupt negative pressure (~100 cmH2O) is applied to
rupture the membrane and gain electrical access to the inside of the cell. For the pressurized
patch clamp technique described here, these same pressure profiles are implemented, but with the
pressures referenced to the chamber interior pressure rather than simply ambient pressure. Since
the chamber internal pressure will only be elevated when the whole-cell patch clamp
configuration has been achieved and the pipette pressure is normally vented, only one positive
and one negative pressure source is needed. As such, to achieve the desired pressure profiles in a
repeatable fashion, the design by Heyward et al. [112] of an automated patch clamp pressure
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control system was adapted for our use (Figure A4-3). The Heyward design was modified such
that the valve ports that were vented to ambient pressure were connected by a manifold, and then
connected to the internal volume of the patch clamp chamber. An extra valve was then added to
either vent this pressure to ambient or connect it to the positive pressure source. These valves
were controlled via the Labview program described in Appendix 2. As shown in Figure A2-2
(B), the software could be in one of three modes. In Syringe mode, the valves were configured to
vent the pressure chamber and connect the pipette to the syringe. This mode is equivalent to
standard patch clamp, and provides convenient plotting of the pipette pressure on the computer
screen. In Ambient mode, the valves are configured to connect the pipette to the pressure
chamber, equalizing the pressure after whole cell mode is achieved. In Pressurized mode, both
the pipette and pressure chamber are pressurized to the value selected.

This pressure is

maintained by very briefly opening the valve to the air tank whenever the pressure reading is
below the desired value. The use of an adjustable mechanical flow limiter on the tube from the
compressed air tank allows the user to fine tune the flow rate and thereby set the overshoot that
occurs.
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Figure A4-3.. Custom patch clamp
clamp pressure controller. (A) Schematic design. (B)
Implementation, including the 4-valve
4 valve assembly, custom electronics for signal amplifiers and
valve drivers, the National Instruments USB data acquisition system, and 12V power supply.
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The two critical factors for a pressurized patch clamp experiment are the maintenance of
the proper relative pressures between the chamber and pipette, and eliminating relative movement
between the pipette tip and the target cell. The design presented here properly pressurized the
chamber and pipette relative to each other, thereby minimizing unwanted fluid flow into or out of
the pipette. This was achieved, even during times of pressure changes, by having a nearly equal
volume in the chamber and pipette portions of the design, which provided for negligible
differential pressure between the two volumes. This technique has not been presented in the
literature to my knowledge.
Many sources of relative movement between the pipette tip and the cell to be patched
were minimized or eliminated during this effort, but a few microns of relative movement still
occurs when the system is pressurized to 20 cmH2O. This residual relative movement is likely
due to outward bowing of the rubber stopper that forms the pipette access seal. Perhaps the use
of a thicker or stiffer rubber stopper could limit this, but initial attempts at this approach limited
pipette movement too severely, and were therefore not functional. Expansion of the chamber
itself also cannot be eliminated as a potential source of movement. Chamber thickness was
increased from 0.25 in. thick acrylic to 0.354 in., which significantly reduced movement, but it is
unknown if this source contributes to the remaining movement. The current system is able to
maintain a seal on a portion of cells during the application of pressure, despite the relative
movement, particularly when the cells are very rounded and therefore not well adhered to the
substrate. However, it would be impossible to state that any observed effects on ion currents
were strictly due to HP and not due to forces exerted by the pipette on the membrane. Therefore,
although the current system may be acceptable for use with cells in suspension, additional work is
needed to eliminate relative movement due to pressure changes before the system could be
utilized for adherent cells.
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Appendix 5: Planar Patch Clamp Electrode Fabrication
Patch clamp techniques enable the direct measurement of ion channel function in cells,
but the potential benefits of cellular electrophysiology, in the areas of drug development, disease
diagnosis, and personalized medicine, have not nearly been realized due to the complex and fickle
nature of the technique.
Numerous limitations of the patch clamp technique are routinely experienced by
researchers in this area of cell biology. Traditional patch clamp setups are generally unable to
control environmental conditions such as temperature, humidity, CO2, pressure, etc., which
means that experiments are often performed at room temperature and ambient conditions. As a
number of ion channels are known to be sensitive to temperature or other environmental factors,
confounding effects on experimental results can be observed. Similar issues limit the usefulness
of patch clamp techniques in identifying mechanosensitive ion channels due to the complexity in
performing experiments in a dynamic mechanical environment.
Attempts to overcome the limitations of the traditional techniques have, in part, led to the
development of the planar patch clamp technique, in which the micropipette is replaced by a
small, micron diameter hole in a planar surface (Figure A5-1). A seal is then formed between a
cell and the surface, allowing electrophysiological measurements to be made. Common glass
coverslips can be used to create planar patch clamp electrodes ranging from simple, single cell
electrodes for pipette replacement to complex, patterned electrodes for parallel experimentation.
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Figure A5-1. Planar patch clamp technique.
technique
A laser drilling technique
technique for fabricating planar patch clamp electrodes from glass
substrates has been described by Chen et al. [113],, which employs a widely available and low
cost carbon dioxide laser. This system was pursued for development with funding from a Small
Business Innovation Research (SBIR) Phase 0 grant
grant from the South Carolina EPSCoR program.
The potential benefits of this approach include: (1) glass or quartz substrates typically form the
highest quality seals, (2) extremely low cost glass coverslips in standard sizes are used as the
substrate material,
material, and (3) complete fabrication systems will be cost effective. Within the Phase
0 project, we purchased and configured a Synrad series 48 CO 2 laser and optical components,
developed protocols for producing prototype devices, and evaluated the resultin
resultingg devices using
optical and SEM imaging. Both a schematic diagram of the optical design and a photo of the
actual beam line are shown below in Figure A5-2(A),
A5 2(A), including the laser, 4X beam expander,
focusing lens, and target glass coverslip.
By means of controlling the laser pulse rate and duration of the two
two-stage
stage CO2 laser
drilling profile,
profile, the shape and characteristics of the resulting orifice can be tightly controlled to
produce hourglass shaped openings in standard glass coverslips. The first stage of laser pulses is
composed of longer duration pulses to impart sufficient energy to drill through the glass. The
second stage is composed of shorter pulses to maintain the glass in a molten state such that it
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reflows back toward the center of the hole. This reduces the diameter of the hole and promotes a
smooth, debris-free
debris free surface, as illustrated in Figure A5-2(B).
A5 2(B).
A

B

Figure A5-2.. Planar patch clamp electrode fabrication system. (A) Optical components. (B)
SEM image of resulting hourglass shape hole in a glass coverslip.
The optical system is mounted on a vibration isolating table with chilled water circulation
for temperature control.
control. A custom laser controller was developed to provide precisely timed
pulses to the laser enable input. Implemented
Implemented on a PIC32 development board running at 80MHz,
the embedded software written in C++ can provide multi
multi-stage
stage drilling and melting profiles with
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12.5ns timing resolution. The diameters of holes fabricated with this system were evaluated by
measuring the ion conductance through the hole. The electrodes are placed in a custom planar
patch clamp chamber with two sealed compartments, which are filled with an electrolyte solution.
The resistance between the two chambers is then measured with silver chloride electrodes and an
ohmmeter. SEM imaging was performed on selected coverslips to evaluate hole shape and
smoothness.

An example image is shown in Figure A5-2(B), which was acquired using

secondary electrons and an 8 degree tilt angle from a sample electrode with a pipette resistance of
1.8MΩ. As expected, a larger area of glass melting is visible with a diameter of approximately
25 micron, which is just larger than double the laser wavelength. A smaller through hole is seen
in the center with an approximately 4 micron elliptically shaped hole, which is consistent with the
resistance measurement. This “pinching” of the center hole was observed by Chen as well for
certain drilling profiles and was attributed to unstable glass reflow. Reduction of the hole size
down to 1-2 micron and producing a nearly round shape with a repeatable and reliable drilling
process was not achieved due to the limited time and funding available, and therefore will require
additional work in the future.
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